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Abstract 
Nanoceramic powders were produced via a plasma processing route by QinetiQ 
Nanomaterials Ltd. The powders were characterised in terms of agglomerate size, 
morphology, phase analysis and surface chemistry. The powders were made into 
suspensions and the UV absorbency properties were investigated. It was found that the 
mixtures produced different products depending on the concentration of titania in the 
starting material. Powders containing less than 30% titania were solid mixtures of zinc 
oxide and titania; these powders absorbed UV radiation as well and in some cases better 
than the individual powders. The powders containing more than 30% titania were shown 
to have titanium ions incorporated into the zinc oxide structure. This reduced the band 
gap of the powder which meant that the powders did not absorb UV radiation. 
For all the powders that absorbed UV radiation, it was found that particles around 100 nm 
absorbed large amounts of UV radiation and did not interact with visible radiation, 
producing a clear, transparent suspension which gives ideal characteristics for a 
sunscreen formulation. The suspensions were found to absorb the most UV radiation 
above 3 wt %. 
The powder containing 95 % zinc oxide 5 % titania was shown to absorb more UV 
radiation and scatter less visible radiation than the individual powders, showing the 
potential to provide an improvement to the properties of sunscreen formulations. 
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Abbreviations 
UV = Ultra Violet 
FEG-SEM = Field emission gun scanning electron microscope 
XRD = X-ray diffractometer 
XPS = X-ray photospectroscopy 
IR = Infra red 
DNA = Deoxyribose nucleic acid 
FDA = Food and drug administration 
SPF = Skin protection factor 
eV = Electron volts 
nm = Nanometre 
RI = Refractive index 
J = Joule 
EPR = Electro paramagnetic resonance 
PZC = Point of zero charge 
QNL = QinetiQ nanomaterials Lld 
DC = Direct current 
IEP = iso electric point 
DL VO = Dejaguin, Landau, Verway and Overbeck 
PEG = Poly ethylene glycol 
PEI = Poly ethylene imine 
PAA = Poly acrylic acid 
T AC = Tri ammonium citrate 
EBSD = electron backscattering diffraction system 
EDAX = Energy dispersive X-ray analysis 
FTIR = Fourier transmission infra red 
ESA = Electrokinetic sonic amplitude 
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1. Introduction 
Nanostructured ceramics offer the potential for unusual physical and mechanical 
properties including superplasticity and increased mechanical properties (hardness, 
strength and wear resistance). 1 The properties of nanoscale materials can be different for 
a number of reasons, one being that nanomaterials have a relatively large surface area 
compared to the same mass of material produced in a larger form; this can increase 
chemical reactivity.l Some ceramics can be used in sunscreen products due to their 
ultraviolet or UV absorbing properties. 
The incidence of sunlight induced skin ageing and skin cancer has been increasing in 
many parts of the world. In particular the incidence of melanoma skin cancer has shown 
an increase in several continents in recent years. 2 The radiation striking the earth is 
approximately 50% visible (wavelength 400-800 nm), 40% infra red or IR (wavelength 
1300-1700 nm) and 10% UV (200-400 nm). The UV spectrum can be divided into UV A 
from 320 nm to 400 nm (this in turn is broken down to UVA 1,340-400 nm, and UVA 2, 
320-340 nm), UVB from 320 nm to 290 nm and uve from 290 nm to 200 nm. The 
ozone layer filters out all UV radiation shorter than 290 nm. The remaining UV radiation 
that reaches the ground is about 10% UVB and 90% UV A at midday; UVB intensity 
declines throughout the day but UVA remains constant. UVB is responsible for 98% of 
all sunburn. The UVB range has long been associated with much of the damage caused to 
humans by the sun (sunburn and skin cancer) and is partially blocked by the earth's 
atmosphere. However it has recently been found that UV A can also be responsible. 3 
UV A is less energetic than UVB, it is for this reason it was thought to be biologically less 
significant. However it penetrates the skin deeper than UVB and can cause more long-
term damage. It is the main cause of skin darkening (tanning) and ageing. The need to 
produce efficient sun screens to protect the skin from not only UVB radiation but also 
UV A radiation is very important. Most modern sunscreens are highly effective at 
absorption or reflection through the UVB and the UV A 2 region, however new 
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sunscreens that protect in the UV A I region need to be developed. Several forms of 
titania and zinc oxide have been reported as possessing superior qualities for absorbing or 
reflecting UV radiation than those currently on the market. 
Titania and zinc oxide can be described as physical blockers. The sunscreens containing 
these materials that are already on the market have to be applied in relatively thick layers 
and melt in the sun which causes staining to the clothes. They tend to appear opaque, 
making them cosmetically undesirable. However recent developments in micronized 
preparations offer physical blockers that reflect at wavelengths shorter than the visible 
spectrum and therefore appear invisible.2 
A major problem in formulation is the prevention of agglomerates; if this occurs the 
portion of spectrum reflected will shift into the visible region and the product will have 
the characteristics ofa traditional opaque physical blocker.2 
The current research involved characterising plasma processed nanosized titania, zmc 
oxide and mixtures of the two and investigating their potential to be used within 
sunscreen formulations. 
The primary goals of the research were to: 
a) Characterise zinc oxide, titania and mixtures of the two compounds produced in 
powder form via plasma processing. The properties to be assessed included 
particle size, shape and morphology, phase analysis, surface chemistry analysis 
and zeta potential. Some of these measurements were achieved using standard 
characterisation techniques, e.g. FEG-SEM, XRD, XPS, etc; however others 
required entirely new techniques to be developed. 
b) Determine the effectiveness of suitable dispersants required to produce 
suspensions of particles in aqueous solutions and to gain an understanding of the 
particle dispersant behaviour. 
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c) Detennine the suspensions' ability to absorb UV radiation and potential for use 
within sunscreen suspensions and relate this absorbency to the suspension 
characteristics such as agglomerate size, concentration and composition. 
These experiments aimed to detennine if the mixtures had advantages over the individual 
powders. 
This thesis is divided into 7 chapters; the overall objectives and structure are outlined in 
this chapter. Chapter 2 provides an overview of the manufacture of nano ceramic 
powders and the processing of these powders. This chapter goes into the details of 
producing suspensions containing nanopowders and the uses of these suspensions within 
sunscreen applications. 
Chapter 3 describes the experimental details of this project. The raw materials are 
described along with the general techniques used. The suspension stability, agglomerate 
size, effect on concentration and the long tenn stability were investigated. 
Chapter 4 contains the results and chapter 5 the discussion of the experiments described 
in chapter 3. Chapter 6 draws the overall conclusion from the outcomes of the project and 
chapter 7 suggests possible areas for where further research efforts can be continued to 
widen the understanding of UV absorbent nanoceramic suspensions. 
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2. Literature review 
2.1 Uses of Ceramic Nanoparticles in Sunscreen 
Certain ceramic particles can be used in products such as sunscreens. The tenn sunscreen 
describes any material that protects the skin and reduces the damage caused by ultra 
violet radiation (UVR) from the sun. 
2.1.1 Ultra Violet Radiation 
Every day the earth is showered with solar radiation, the non ionizing electromagnetic 
energy emitted by the sun. This solar radiation encompasses the electromagnetic 
spectrum from short, high energy cosmic, gamma and x-rays to longer, lower energy 
ultraviolet (UV), visible, infrared (IR), microwaves and radio waves. The higher energy 
radiation displaces electrons from the incident tissue and forms ions; therefore it is called 
ionizing radiation. Lower energy radiation lack the energy to do this and are termed non 
ionizing radiation2 The solar spectrum can be divided into various sections by 
wavelengths, the visible and UV regions are between 200 to 800 nrn. The UVR is 
biologically significant as it is associated with sun exposure disorders such as sunburn, 
skin cancer and visible ageing. 
The UVR section covers 200 to 400 nm. This can be broken down into uve (200-290 
nm), UVB (290-320 nm) and UV A (320-400 nm). The UVC range is very toxic but 
virtually completely filtered out by the ozone layer. The UVB range has long been 
associated with much of the damage caused to humans by the sun (sunburn and skin 
cancer) and is partially blocked by the earth's atmosphere. However it has recently been 
found that UV A can also be responsible. UV A makes up 99% of the spectrum that 
reaches the earth because it is unaffected by the ozone layer. UVA is less energetic than 
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UVB, it is for this reason it was thought to be biologically less significant. However it 
penetrates the skin deeper than UVB and can cause more long-term damage. It is the 
main cause of skin darkening (tanning) and ageing. UV A can even penetrate windows 
and some clothes. UV A and UVB are not absorbed by the ozone layer.4•5 The amount of 
UVR reaching a given location on earth varies seasonally, geographically and diurnally. 
However UV A intensity is more consistent throughout the day from season to season 
compared to UVB. 
The effect of solar UVR on the skin can cause pronounced acute or chronic effects. 3 
Acute effects include: 
Chronic effects include: 
Inflammation 
Pigmentation 
Immunosuppression 
Vitamin D synthesis 
Photocarcinogenesis 
Photoageing 
Dependant on the 
spectrum and 
cumulative dose 
ofUVR 
The body has many molecules that can absorb UVR, for example nucleic acid and 
melanin. These molecules are potentially changed and damaged by sun exposure. 
Photoageing which is caused by UVR induced damage of the dermal connective tissue, is 
characterised by wrinkle formation, loss of skin recoil capacity, skin fragility and 
impaired wound healing. 12 
The action for UV induced skin damage is well known and associated with the 
wavelengths 290-320 nm. This action spectrum is nearly identical to that proposed for 
DNA damage and the induction of non melanoma skin tumour in mice and by extension 
humans.6 However it is now clear that longer wavelengths can contribute to skin damage; 
a number of studies7.8.9.10 producing evidence that repeated exposure to an artificial 
source of long wave UV A generates morphological changes in human skin indicative of 
photodamage and induction of skin tumours.6 
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When DNA absorbs UVR, adjacent DNA bases can link together to form 
'photoproducts', the most common of which are thymine dimmers. Photoproducts can 
lead to mutations during DNA synthesis; the enzyme responsible for replicating the DNA 
cannot read the code accurately and can insert the wrong base in the new DNA strand. 
This often causes DNA to give rise to an abnormal protein that cannot function properly. 
UV induced mutations in the gene that encode cell cycle regulatory proteins are 
ultimately responsible for UV induced skin cancer. 12 
Besides skin burning as a result of absorption of UVB, the skin is also at risk of photo-
oxidative damage by active oxygen species, such as singlet oxygen CO\ superoxide 
(002), hydrogen peroxide (H202) and hydroxyl radicals (OH·) produced as a product of 
UV A. Although active oxygen species are part of the normal regulatory circuit and anti-
oxidants can control the cellular redox state, an increase in load owing to UV exposure 
can lead to damage to cellular components and change the pattern of gene expression in 
such a way that benign neoplasms are stimulated to rapid growth and malignancy. This 
may, in turn, lead to photocarcinogenesis and photoaging of the exposed skin.12 Recent 
substantial increases in skin malignancies and photoaging reported worldwide are 
probably caused by UVR generated reactive oxygen species and other UVR induced 
d h · 12 amage mec amsms. 
UVR consistently and specifically damages DNA and one gene in particular, PS3. The 
precise pathway is not yet known but it is thought to be a cause of skin cancer. UVR also 
stimulates the formation of free radicals in the skin. They go on to produce many 
deleterious reactions leading to damage inducing cancer.3,12 Recent studies suggest the 
UVR exposure resulting in an influx of active oxygen species plays an important role in 
the development of malignant melanoma. 12 Melanoma undergoes a three stage 
development to full malignancy: initiation, promotion and progression. Initiation involves 
permanent genetic alteration and promotion involves clonal expansion of initiated cells in 
response to tumour promoting agents. The progression step involves independent 
autonomous growth of initiated cells. Active oxygen species have been shown to be 
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involved during all three stages of development. Currently both UV A and UVB are 
considered to be complete carcinogens. 12 
Although UVB organic sunscreens have been used for years, UV A sunscreens are a 
relatively recent development. 12 The Food and drug administration (FDA) have approved 
effective organic sunscreen agents recently, including butyl methoxydibenzoylmethane, 
however this material is difficult to use in formulation and can react with other 
ingredients. Hampered by product instability and the loss of efficacy, the task of 
formulating an organic sunscreen with UV A and UVB protection is not an easy one. 12 A 
solution to this problem is to develop an inorganic sunscreen. 
Sunscreens have a limited shelf life because some chemical components are either 
degraded by light over time or are affected by other UVR sensitive components. Most 
UV absorbers used in sunscreens can form free radicals that are implicated in skin ageing 
and cell damage and manufacturers can add anti-oxidants to try and neutralise them6 
2.1.2 Sunscreens 
Sunscreen can prevent damage to the skin by protecting it from the UVR. Sunscreen sales 
are rising; annual sales in the US and Europe are $100 million each year and are expected 
to grow by 4% annually up to 2008, according to industry consultants Kline and CO. II 
The reason for this rise is that skin cancer is the fastest growing type of cancer in 
Europe.2 
Sunscreens contain agents which either absorb UVR and dissipate the energy as heat or 
reflect the radiation away from the skin. They are based on two types of UV absorbing 
material, organic and inorganic wide band gap semiconductors, or a combination of the 
twol2 
14 
2.1.3 Organic Sunscreens 
Organic sunscreens are aromatic compounds that absorb a specific portion of UVR which 
is generally re-emitted at a less energetic lower wavelength, for example heat. Organic 
sunscreens contain relatively complex molecules that absorb into the skin, but mostly 
only block UVB. They were originally the basis of sunscreen formulations for decades 
and are classified as derivatives of: 
1. Anthranilites 
2. Benzophores 
3. Camphors 
4. Cinnamates 
5. Dibenzoylmethanes 
6. P-aminobenzoates 
7. Salicylates] 
Organic sunscreens must be used in combination because no single organic sunscreen can 
provide a high Skin Protection Factor (SPF). The SPF is defined as the ratio of the time 
of the UVR exposure necessary to produce minimally detectable erythema in sunscreen 
protected skin to that time in unprotected skin. Individual sunscreens have a relatively 
narrow absorption spectrum and this can be broadened by combinations.] 
Organic UV A and UVB absorbers, such as oxybenzone and Padiamate-O (2-ethyl hexyl-
4-dimethylaminobenzoate) are the most commonly used materials in sunscreen 
formulations. There exist a wide variety of such materials, all of which exhibit different 
behaviour under UV excitation. There are, however, concerns that the use of such 
sunscreens may actually simulate damage to human cell DNA in some cases12 
There is also the prospect of organic sunscreen components penetrating the skin and 
exhibiting adverse effects, such as irritation, reduction of skin reflectance, degradation of 
the organic components under UV light, and inactivation of anti-oxidant species. 12 
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2.1.4 Inorganic Sunscreens 
Ceramic materials such as titania and zinc oxide can be used within sunscreen as a UVR 
blocking particulate. Titania is currently the most widely used of all the particulates. 
Within sunscreens they are generally formulated as "micronised or ultrafine" because 
they scatter light and absorb short wave UV A 2 and UVB radiation. The attenuation of 
UV radiation takes place through a combination of scattering and absorption. The degree 
of absorption depends on the band gap of the material. There are 2 crystal forms of 
titania: rutile and anatase. It is well known that both exhibit significant photocatalytic 
effects, although the anatase form is the more active of the two. The anatase form of 
titania has a band gap of 5.12 x 10.19 J (3.2 eV) whilst rutile exhibits lower catalytic 
activity and has a band gap of 4.90 x 10.19 J (3.06 eV)Y Any photon with energy higher 
than the band gap will be absorbed by the material. The titania used in these experiments 
was a mixture of rutile and anatase. The band gap of zinc oxide is 5.40 x 10.19 J 
(3.37eV).12 
Microfine titania effectively attenuates over a range 290-340 nm but is less effective than 
zinc oxide in the UV A long wave region, shown on the next page in figure 2.1. Titania 
also has a higher refractive index than zinc oxide, making it appear whiter and more 
difficult to incorporate into transparent productS. 14 
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Figure 2.1: Attenuation spectra for micro fine zinc oxide and micro fine titania2 
Inorganic sunscreens are becoming increasingly popular because of their safety and 
effectiveness, particularly for blocking UV A. Unlike their organic counterparts they are 
not absorbed into the skin and so do not cause any adverse reactions such as allergies. 77 
These inorganic chemicals are known as physical sunscreen agents, because they mainly 
reflect and scatter light. 15 Physical light blocking agents add to the protection in 
sunscreen because: 
I. They extend protection over a broader wavelength range because of their high 
refractive index, which yields excellent light scattering properties. 
2. They work synergistically with chemical absorbers to boost SPF. 
3. They are protective and soothing to the skin and reduce the irritant and allergic 
potential of conventional sunscreens. 16 
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The development of an inorganic particulate based sunscreen requires knowledge of both 
the optical properties and the surface chemistry of the particle relative to the dispersion 
medium. There are two aspects to consider when formulating sunscreens: 
1. The film needs to block UV radiation, 200 nm to 400 nm from reaching the skin. 
The most important of this region is from 290 nm to 400 nm, UVB and UV A 
radiation. (Performance) 
2. The colour strength and opacity of the 'film' on the skin. This relates to the light 
in the visible region of the spectrum from 400 nm to 800 nm. For a sunscreen, the 
particulate needs to have as little colour and opacity as possible; it needs to be 
transparent. (Aesthetic)2 
It is important to understand how any wavelength of radiation will interact with and be 
modified by the material upon which it falls when formulating sunscreens. When a given 
wavelength of radiation falls upon a material it will either be absorbed or scattered, in 
most instances both processes contribute. The colour strength of a material increases with 
light absorbing capacity, whereas the opacity increases with the light scattering power. 2 
When a beam of radiation falls on a surface of sunscreen it will first be partially reflected 
at the surface layer. The remaining radiation is refracted at this surface into the sunscreen 
where it is either scattered, absorbed or transmitted. 17 
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,",V Attenuation by' Physical '$:LJn!;cre~ns 
Figure 2.2: UVattenuation by physical sunscreen/8 
Figure 2,2 above shows the incident light as 10 , with the light reflected at the surface as Ir , 
The amount of light reflected is related to the particle size and morphology of the 
physical sunscreen agent The absorbed light is described as la, with the scattered light as 
Is and transmitted light as I" 
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When a beam of monochromatic radiation of radiant power Po, directed at a sample 
solution, absorption takes place and the beam of radiation leaving the sample has radiant 
power P. 
The amount of radiation absorbed may be measured in a number of ways: 
Transmittance, T = P / PO 
% Transmittance, %T = 100 T 
Absorbance, A = 10glO PO / P 
A = loglO I / T 
A = 10gl0 100/ %T 
A=2-logI0%T 
The last equation, A = 2 - /ogJO %T, allows you to easily calculate absorbance from 
percentage transmittance data. 
The relationship between absorbance and transmittance is illustrated below: 
% Transmittance 
0 10 20 30 «l 50 50 70 0() 90 100 
I 
11 I. I 1 I 1 I I I I I 1 1 1 1 
2.0 1.5 1.0 IMI g,7 o.e 0.5 0 .• Cl..., 0.2 0.1 0.05 0.00 
Absorbance 
So, if all the light passes through a solution without any absorption, then absorbance is 
zero, and percent transmittance is 100%. If all the light is absorbed, then percent 
transmittance is zero, and absorption is infinite. 
The amount of light absorbed, and hence the amount of light left for transmission, are 
related to the thickness and concentration of sample 
A= tic 19 
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The variation of molar absortivity, E with units of L mor l cm-I, with wavelength, A and 
hence absorbance, A (no units, since A = /ogJO Po I P), with wavelength at a fixed 
concentration, c, and path length, I, is called a spectrum. This is the Beer-Lambert Law. 
The reason why we prefer to express the law with this equation is because absorbance is 
directly proportional to the other parameters, as long as the law is obeyed. 
The beer-lambert law only holds if the absorbing species behaves independently of each 
other and if the absorption occurs in a uniform medium. When measuring very small or 
very large absorbencies, uncertainties due to random fluctuations become larger. To 
obtain better precision in the absorption measurement it may be necessary to adjust the 
sample concentration or cell path length to bring the absorbance into the range of 0.1 to 
1.0. At absorbencies higher than 1 concentration will be underestimated due to a shadow 
effect. The shadow effect is introduced when particles interact by lying along the same 
optical path such that some particles are in the shadow of others, one must employ a non 
linear relationship between absorbance and concentration to avoid and underestimation. 
With wavelengths shorter than the visible region the optical behaviour of materials 
becomes more complex. The crystal structure and the band gap become important. For all 
crystals there is a characteristic wavelength that will excite an electron from the valance 
band to the conduction band, wavelengths shorter than this will be dissipated (i.e. 
absorbed by the crystal structure). Zinc oxide absorbs radiation over virtually the whole 
UV region. 
The absorption of a photon with energy above the band gap results in the formation of an 
electron hole within the particle. As the materials are simple oxides they do not exhibit 
any photodegradation under continuous illumination and the assumption is that small 
(--40 nm) particles do not penetrate the human skin.12 
The band gap is a measure of the minimum energy required to promote an electron from 
the valence band to the conduction band. A compound with a band gap in the region of 
4.80 x 10 -19 J (3 eV) can be excited by radiation at wavelength below -380 nm. 
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Photoexcitation of titania could promote a single electron from the valence band, leaving 
a positively charged space, or hole, behind. Usually, the electron recombines with the 
hole, but sometimes the hole migrates to the surface of the particle, where it can react 
with absorbed species. In an aqueous environment it can react with water or hydroxyl 
ions, forming hydroxyl radicals3 Although these materials are viewed as harmless 
pigments, the absorbed energy must still be dissipated in some way; there are two 
principle mechanisms for de-excitation. The electron hole pair may annihilate directly 
across the band gap, resulting in the release of a photon with energy equal to the band gap 
energy, or the electron hole pair may annihilate via surface absorbed species such as 
water.12 An elimination of active species generation in the skin is highly desirable. 
Sunscreens are necessary to absorb UV A and UVB sunlight, but efficient de-excitation 
routes for sunscreens must be further developed. 
There are 3 possible ways to eliminate the active oxygen species generated under UV 
illumination: 
I. Free radicals scavenging - it is possible that active oxygen species generated by 
some sunscreen components may be effectively scavenged by anti-oxidants 
introduced to the sunscreen formulation. Although published work shows that this 
causes a significant reduction m oxygen radicals and therefore m 
photocarcinigensis in mice, it is not clear if this reaches total elimination. The 
relationship between concentration and inhibition efficiency is not linear and 
tends to plateau as concentration increases. 
2. Coating of inorganic components - This method involves a physical barrier layer 
of a very wide band gap material, such as silica or alumina, being deposited 
around a UVR absorbing particle. This acts to confine photogenerated electrons 
and holes within the particle and prevent surface access leading to free radical 
formation. However, although routes to coating small particles are well known it 
is difficult to produce thin uniform coatings without time consuming and 
expensive processes; and the production of such coatings becomes progressively 
more difficult as the particle size decreases. 
3. Doped inorganic UV absorbers - In this new approach a number of dopant ions 
are incorporated into the nanoparticles of titania at a low level and their effects on 
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active oxygen species generation is ascertained by electro paramagnetic resonance 
(EPR) and by plasmid nicking assay. The majority of dopants significantly 
enhance the generation of active species with respect to undoped material, 
however manganese can significantly reduce free radical formation. DNA damage 
rates under simulated sunlight is reduced by approximately an order of magnitude 
with respect to undoped material. Manganese acts to dope the lattice, but because 
of the deep nature of the respective dopant trap sites the donated charge is 
strongly localised on the dopant site. This charge then acts to annihilate 
photogenerated holes and then trap photogenerated electrons. 12 
It is speculated that reducing the band gap of titania or zinc oxide could enhance it's 
photocatalytic performance through more efficient utilization of lower energy photons.2o 
This band gap is a function of the particle size. Below a certain threshold the density of 
point/surface defects of semiconductor crystalline increases with decrease in particle size. 
Due to mild delocalisation of molecular orbits on the surface, defects in the bulk 
semiconductor create deep and shallow traps near the band gap edge of its electronic 
state, which brings about reduction in band gap, that is, red-shift in absorption 
spectrum?O When the size of the semi conductor particle decreases from its bulk to that 
of Bohr radius (the first excitation state), the size quantisation effect arises due to the 
spatial confinement of charge carriers. Consequently, electrons and holes in the quantum 
sized semiconductor are confined in a potential well and do not experience the 
delocalisation that occurs in the bulk phase. Therefore, the band gap of ultra fine 
semiconductors increases with the decrease in particle size when it is smaller than the 
band gap minimum. The reported size for this effect is reported to be between 1-12 nm 
when measure theoretically, only a few investigations have been conducted on the change 
in band gap as a function of particle size using titania. Anpo et al 21 found a significant 
blue shift of the absorption edge by 0.093 and 0.156 eV for rutile and anatase crystalline, 
respectively when the particle size was less than 12 nm. Kormann et al 22 found the size 
to be less than 3 nm. All these studies show that the particle size has an important impact 
upon when the particle starts to absorb radiation and by altering the particle one can 
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control the amount of radiation absorbed and could theoretically improve the absorbing 
properties of a sunscreen product. 
Absorption and refraction are functions of molecular and crystal structure and also 
particle size. The parameter that describes the scattering-absorption characteristic of a 
material is the refractive index or Rl. This is a complex function as crystalline material 
such as zinc oxide will have different refractive indices for the three axes of each crystal 
which all must be accounted for. However a single number usually referred to as the Rl 
to allow real world predictions. 2 
The 'whiteness' of a dispersion is a function of the ratio of the refractive indices of the 
material and its surrounding medium. If a particle and medium have identical Rl's then 
the particle will appear 'invisible', because the light will not be altered as it goes from 
medium to particle and back to the medium. Zinc oxide has a relatively low Rl of 1.9, 
and the Rl of water is 1.3 at visible wavelengths, whilst titania has a Rl of 2.9 making it 
h· 2 appear more w Ite. 
The refractive index is an intrinsic property of a material and is fixed, however the 
particle size can be manipulated. The scattering power of a material is highest when its 
particle is equal to half the wavelength of radiation falling on it, this is a simple principal 
when using monochromatic light sources however it is the whole visible spectrum (400 
nm-800 nm) which constitutes white light. Therefore there is no single optimum particle 
size; there is a different whiteness for different particle size distributions. The primary 
particle size is not the determining factor; it is the particle/agglomerate size within a 
dispersion that determines the optical properties. The effect of particle size on scattering 
properties can be estimated using the Mie theory. This predicts the scattering intensity for 
all particles, small or large, transparent or opaque. It allows for primary scattering from 
the surface of the particle, with the intensity predicted by the refractive index difference 
between the particle and the medium, It also predicts the secondary scattering caused by 
light refraction within the particle as seen in figure 2.3. 
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Particle size is an important parameter in the UVR scattering of a particle. Particles 
whose size is less than 10% of the wavelength of the incident light scatters according to 
Rayleigh's Law, whereby the intensity of the scattered light is inversely proportional to 
the fourth power of the wavelength.24 The particle size distribution needs to be narrow 
and well controlled. Electromagnetic radiation is made of waves, which in turn are made 
of photons, it is the energy of these photons that dictates if the radiation will be absorbed 
by the zinc oxide or scattered. The energy of visible light is 3.20-4.80 x 10 ·19 J (2-3 eV), 
which means that zinc oxide will not absorb this energy; it will be either reflected or 
scattered. The energy of ultraviolet light is 4.80-16.02 x 10 -19 J (3 to 10 eV), this is larger 
than the band gap of zinc oxide and therefore this energy is absorbed according to the 
Beer-Lambert law. The latter states that the factors that affect how much energy is 
absorbed are the concentration of the suspension (c), the thickness of the sample (path 
length, I) and the wavelength (A). 
The light scattering efficiency of a particle is controlled by a number of factors, including 
particle size distribution, the degree of particle agglomeration and the degree of optical 
interaction between the particles. There are inherent experimental challenges in 
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determining the effects of each of these variables. Due to these problems, theoretical 
modelling attempts have been made to understand light scattering properties. These 
efforts typically rely on Mie theory; this provides an exact treatment of light scattering 
properties of a single, optically isotropically sphere. In reality particles are not acting as 
single optically isotropic spheres as they are close enough together that their radiation 
field interacts. 25 The scattering from one particle is affected by the adjacent particles and 
the assumption of independent scattering no longer holds. Mie theory isn't capable of 
rigously describing the light scattering properties of realistic particle shapes and 
microstructures. It is not easily extended to the realistic situation of multiple, irregularly 
shaped interacting particles in an absorbing medium, An approach to calculating 
scattering for multiple interacting particles is to use numerical methods, a finate-element 
method, in which the volume containing the medium us divided into discrete regions that 
are small compared with the wavelength and the particle size. Maxwell's equations are 
then solved in each region for a given incident wave by the use of the approximate optical 
constraints for the material of which the region is composed. We can extrapolate the 
obtained near field solution to the far field by simply allowing it to propagate through a 
uniform medium. It has been found using these methods that for titania particles the 
orientation of the particles with respect to the incident light can either increase or 
decrease the scattering. In the mid visible region it was found that two particles in line 
increase the backscattering fraction by 28% however if these particles were in a diagonal 
configuration the backscattering is actually reduced.25 At shorter or longer wavelengths 
the backscattering is reduced regardless of the location of the 2nd particle and by as much 
as 60% when five particles are arranged in a zig zag configuration25 Previously it was 
generally assumed that multiple scattering enhances backscattering. The basis for this 
decrease is the crowding effect in which tow particles are significantly less effective in 
the limit of multiple scattering that the isolated particle. 
Zinc oxide and titania are harmless pigments that can't enter the skin and are largely 
unaffected by light energy like organic sunscreens. Because they don't penetrate the 
stratum corneum they don't cause damage to living cells of the epidermis. Derry et al 26 
reported no significant percutaneous penetration of Zn2+ after the topical application of 
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40% ZnO to humans. They block both UV A and UVB spectrums, however titania only 
protects against UVB and short wave UV A, not long wave UV A. Zinc oxide protects 
against both making it a 'broad spectrum' sunscreen. These chemicals can be used in skin 
care products for sun protection because they absorb UV light. 27 
Zinc oxide is less whitening than titania. 28 Until recently sunscreens containing zinc 
oxide were white in appearance, but now they can be made transparent by using smaller 
zinc oxide particles, minimising the interaction with visible light. Micronisation also 
increases the effectiveness in absorbing and attenuating the UV A and UVB spectrum. 
Maintenance of particle size in the final product is critical because agglomeration may 
increase the interaction of the material with visible light and make it appear white whilst 
losing its efficiency in the UV region. 29 Nano zinc oxide improves UV absorption 
because of the increased particle surface areas. This in turn gives sunscreens higher SPF 
rating. 
One drawback with physical sunscreens is that they may leave white streaks or blobs on 
the skin. Oil in sunscreen formulations helps to wet the inorganic particles and give the 
optical effect of transparency; this doesn't work when the formulation contains high 
levels of titania. Nano sized particles of these materials have shown good UV protection 
and avoid the large particles that produce whitening. 
2.1.5 Formulation of sunscreens 
In principle, physical sunscreens can be incorporated into any of the vehicles commonly 
used for organic sunscreens; for example, emulsions, oils and gels. The choice of vehicle 
is influenced by various factors, both technical and commercial. However with the 
current trend towards ever increasing SPF values, often one of the more important 
considerations is how to obtain the maximum possible efficacy from the sunscreen active 
ingredient, to give a high SPF while maintaining a safe and aesthetically elegant 
product.JO 
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2.1.5.1 Emulsions 
Emulsions are the most popular vehicle for inorganic materials. Emulsions offer great 
flexibility to the formulator in terms of viscosity, SPF, placement of active agents, 
aesthetics and incorporation of other auxiliaries, such as moisturisers. With titania as the 
sole sunscreen active agent SPF ranging from 2 to more than 30 can be achieved with an 
emulsion system. In this project, the inorganic sunscreen agents were dispersed in water. 
As water usually constitutes at least 50% composition of the emulsion, this vehicle is the 
most cost effective way of achieving the desired results. The major disadvantage of 
emulsion system is the difficulty of stabilising them. 30 
2.1.5.2 Oils 
Oils have traditionally been the easiest sunscreen vehicle to formulate. Since there is only 
one phase, if the physical sunscreen is adequately dispersed in the oil product stability is 
relatively easy to achieve. The principle disadvantage of oil systems is low efficacy. The 
rheological properties of the oil mean that, although it is possible to obtain excellent 
spreading properties on the skin, the oil tends to pool in the wrinkles of the skin, giving 
uneven coverage and a lower SPF.30 
2.1.5.3 Gels 
The major appeal of gel type sunscreen products is their crystal clarity; unfortunately, this 
is extremely difficult to achieve if any significant amount of physical sunscreen agent is 
incorporated into such a product. The optical path length means that such a product will 
always be translucent or opaque in the bottle, although it may well be transparent in a 
thin film on the skin. There are formulating problems with gels systems and the 
introduction of physical sunscreen agents introduces further complications30 
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2.1.6 Combinations of Physical Sunscreens 
Both nano zinc oxide and nano titania have property and application limitations. As 
sunscreens, nano titania can shield against UVB but nano zinc oxide can not only shield 
against UVB but also UV A. 31 Zinc oxide provides much less protection than titania in 
UVB but has a 'flatter' spectrum and is intended for primarily UVA protection as seen in 
figure 2.1. Although it is possible to disperse both in water, the solubility of zinc oxide at 
low pH and the surface properties of the two materials make this a difficult system to 
stabilize30 The problem arises from the different points of zero charge (PZC) of the two 
materials. The PZC for an inorganic material depends on its surface properties and on any 
coating present, but if two inorganic sunscreens have significantly different PZCs, then 
any pH in between the two PZCs must be avoided, this is because at such a pH the two 
actives will bear opposite charges. This leads to an electrostatic attraction, resulting in 
aggregation. Therefore a solid combination of the two may be advantageous. 
Compositions of the two materials are expected to complement each other by having the 
merits of both. There are two widely known compounds formed from reactions of zinc 
oxide and titania, these are zinc orthotitanate (Zn2 Ti04) and zinc metatitanate (ZnTi03). 
Early work by Levy32 reported the existence of as many as five compounds including 
zinc orthodititanate (Zn3 Ti207), zinc mesopentatitanate (Zfi4 Ti50 14) and zinc paratitanate 
(ZnTh07) although very little evidence has been shown to substantiate all five. 33 Of the 
compounds thought to exist in the system, zinc orthotitanate (Zn2 Ti04) has been the most 
widely investigated. Cole and Nelson34 prepared zinc orthotitanate (Zn2 Ti04) by a solid 
state reaction of ZnO and Ti02 in the molar ratio of 2: 1. They reported that when an 
excess of titania was present, a series of solid solutions of Ti02 in Zn2 Ti04 was formed 
below 900'C. These solid solutions decomposed above 900'C to yield normal zinc 
orthotitanate (Zn2 Ti04) and rutile Ti02. Zinc Metatitanate (ZnTi03) was prepared and 
described by McCord and Saunders.35 "Gamma" titanic acid was used as the titania 
source and the most favourable calcination temperature was 800 to 850'C. Dulin and 
Rase33 reported that zinc metatitanate formed as an equilibrium phase with zinc 
orthotitanate or rutile Ti02 (depending on the composition of the mixture) under both 
29 
hydrothermal and dry reaction conditions between 600 and 945"C, when sulphate free 
titanium dioxide was employed36 The reaction activities of zinc oxide and titania were 
sluggish to form pure ZnTi03 below 945°C in ambient atmosphere,37 
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2.2 Ceramics 
Ceramics are inorganic, non-metallic materials typically produced using clays and other 
minerals from the earth or chemically processed powders. Ceramics can be divided into 
two distinct classes: traditional and advanced. When people consider ceramics they 
imagine art, dinnerware and pottery. Whilst these products are traditional ceramics and 
important to society, advanced or technical ceramics are now being used for applications 
such as space shuttle tiles and engine components. The term 'advanced ceramics' refers 
to materials that exhibit superior properties and which make them highly resistant to 
melting, corrosion or wear. 
Ceramics can be defined as solid components that are formed by the application of heat. 
They comprise at least two elements providing one of them is a non metallic. The other 
element may be metal or non-metal38 
Many people do not realise the impact ceramics have on our lives. Much of the 
construction industry depends on the use of ceramic materials including brick, cement, 
tile and glass. These are described as structural ceramics.39 The electronics industry 
would also not exist without ceramics. They can be excellent insulators, semiconductors, 
superconductors and magnets. These are described as functional ceramics. Fibre optic 
cables have provided a technological breakthrough in the area of telecommunications. 
Information that was once carried electrically through hundreds of copper wires is now 
being carried through high quality transparent silica (glass) fibres. Use of this technology 
has increased the speed and volume of information that can be carried. The reliability of 
the transmitted information is also greatly improved with fibre optics. In addition to these 
benefits, the negative effects of copper mining on the environment are reduced with the 
use of silica fibres. Ceramics play an important role in addressing various environmental 
needs. Ceramics help decrease pollution, capture toxic materials and encapsulate nuclear 
waste. Today's catalytic converters in vehicles are made of cellular ceramics and help 
convert noxious hydrocarbons and carbon monoxide gases into non-toxic carbon dioxide 
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and water. Advanced ceramic components are also starting to be used in diesel and 
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automotIve engmes. 
The future of ceramic markets depends on factors such as increasing the quality and 
reliability of the finished products, improving the costibenefit ratio of ceramic 
components, increased supply of domestic high quality raw materials and overcoming 
designer and end user reluctance to use ceramics. 
2.2.1 Properties 
It is often believed that ceramics are brittle, have high melting points and are electrical 
insulators, however some materials in this class demonstrate properties ranging from 
brittle to superplastic (at elevated temperature) and melting points can range up to 
3000·C. There are now ceramic insulators, semiconductors and more recently, 
superconductors. 
2.2.1.1 Bonding 
The physical and mechanical properties of ceramics stem from their atomic bonding. This 
is intermediate between covalent and ionic. The partial ionic character of most ceramic 
bonds influences the properties especially electrical ones.41 This bonding mechanism 
means that there are no 'free electrons' as there are in metallic bonding and this leads to 
ceramics generally being fairly poor conductors of electricity and heat, hence their 
important applications as thermal and electrical insulators. The atomic bond in ceramics 
is very stable and so, for the vast majority this yields very high melting points and 
chemical stability. Due to these properties ceramics are widely used as furnace linings 
and containers for high temperature reactions.42 
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Apart from the ceramic based glasses, ceramics are crystalline solids that exist as either: 
• A single crystal, a solid in which the periodic and repeated arrangement of atoms 
extends throughout its entirety without interruption or 
• A polycrystalline solid, which comprises a collection of many single crystals, 
known as grains, separated from one another by areas of disorder known as grain 
boundaries 
The crystal structure of ceramics is important because many properties, including 
thermal, electrical, dielectric, optical and magnetic, are sensitive to crystal structure. The 
crystal structures are many and varied and this results in a wide range of properties. The 
crystal structure of ceramics varies from relatively simple to very complex. The shape 
and size of grains, together with the presence of porosity and their distribution, describes 
the microstructure. The microstructure can be entirely crystalline or a combination of 
crystalline and amorphous phases. In the latter case the amorphous phase usually 
surrounds small crystals bonding them together. 
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2.3 Nanoceramics 
2.3.1 What is Nano? 
A nanometre is one billionth, or I x 10.9, of a metre. Objects with at least one important 
dimension in the range I to 100 nm may be considered nanosized. Nanotechnology can 
be defined as the act of manipulation of matter in this size range, most typically by 
producing useful artificial structures by assembling molecules or individual atoms into 
nanoscale artefacts.43 
2.3.2 How do they behave differently to bulk materials and why? 
Matter tends to behaves differently at the nanoscale.44 For example, inter-atomic 
interactions that are quite unimportant at the macro-scale can become dominant at the 
nanoscale and many material parameters change markedly from those of the bulk 
materiaL 
During the last decade the interest in nanomaterial synthesis has increased exponentially. 
This is due in part to their novel material properties that differ both from the isolated 
atoms and the bulk phase. The challenge is to produce a perfect nanoscale crystallite 
identically replicated in unlimited quantities in such a state that can be manipulated and 
that behave as pure macromolecular substances. 44 
Ceramic materials having a structure with ultra fine size have been found to exhibit 
properties that are different from the same materials with larger grain sizes. These include 
improved hardness, ductility and intriguing optical and electronic properties.45•46,47 
Examples of these unusual properties have been demonstrated through research, 
enhanced mechanical properties such as superplasticity have been demonstrated in 
34 
alumina and others for crystalline grain sizes below 500 nm.48 Silicon carbide based 
polycrystalline ceramics have been studied as potentially important structural materials 
due to their excellent resistance to oxidation/corrosion, high wear resistance and good 
thennal conductivity. The hardness of nano silicon carbide ceramics have been measured 
as 32-34 GPa, 5-7 GPa higher than the same material in macro form, the reason is 
believed to be the influence of grain boundary phase composition, porosity and grain 
size.49 It has also been demonstrated that the sintering temperature can be significantly 
reduced due to the very high surface area of the nanosized particles and the diffusion 
paths.50•51 
Nanoceramic powders are becoming an important segment of the ceramic powder 
industry. They constitute -90% of the total market amongst nanostructured materials, if 
applications for nanocarbon-black and nanosilica as fillers are ignored. Nanoceramic 
powders can be used in microelectronics, optical, chemical and environmental 
applications.52 The total U.S market for advanced ceramic powders in 2002, including 
nanosized powders, was estimated to be worth $1,605 million of which the market for 
nanocrystalline ceramics was estimated at $156.5 million. These values are projected to 
increase to $2,286 million and $241 million respectively by 200752 
2.3.3 Synthesis of Nanoceramics 
There are various approaches to the synthesis of nanosized particles, which can be 
divided into four major groups: 
I. Chemical routes 
2. Crystallization of amorphous structures under appropriate conditions/sol gel 
3. Introduction of critical concentrations of defects into crystalline powders by 
mechanical milling 
4. Gas phase synthesis 
Plasma processing falls into the gas phase synthesis category. 
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2.3.4 Thermal Plasma Processing 
The ceramIc nano powders used in the present work were produced by QinetiQ 
Nanomaterials Limited (QNL) via a thermal plasma processing method shown in figure 
2.5. Thermal plasma processing has been demonstrated as an excellent method for the 
synthesis of ultra fine ceramic powder.53 The most explored feature is the ability to carry 
out high temperature reactions followed by fast quenching, resulting in the formation of 
finely dispersed powders.54 A DC plasma arc provides high temperature and a chemically 
pure environment. Torches are used to produce high temperature plasma jets. The 
precursor is injected into the plasma jet as a fine counter flow mist, giving rise to a 
recirculation vortex. The latter provides an extended time for the precursor in the hot 
zone, ensuring complete vaporization and dissociation. Rapid quenching downstream of 
the hot zone induces super saturation of the dissociated precursor vapour, vIa 
homogenous nucleation, leading to the formation of fine powder particles with the 
desired chemistry. Differences in cooling rates at the quenching stage could in principle 
lead to metastable or stable phases.55 The powder is collected in a water cooled collection 
chamber with a filter attached to the outlet.56 Numerous investigations have successfully 
demonstrated the use of novel plasma processing techniques for the generation of value 
added materials.45 The purity of the product depends only on the purity of the feed stock 
and no intermediate reagents are required. 57 
The plasma state offers advantages such as high temperature, -10,000 K, which ensures 
total decomposition of the gaseous or liquid precursors, and high cooling rates, 104 - 106 
KlS 58 , coupled with a short residence time allows the formation of nanosized particles. 59 
DC plasma processing is an environmentally clean process with low emission of waste 
gases and the potential to produce high quality powders in one step. These advantages 
lead to shorter processing times, often minutes, with no need for preheating time, which 
in turn can lead to smaller reactors and higher throughput.45 Steep temperature and 
concentration gradients surrounding the plasma flame, however, make gas-to-condensed 
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phase conversion non uniform and the process is difficult to control, especially when it 
involves a reaction.6o The process does tend to be a more expensive route; this extra cost 
must, however, be offset against a superior product61 ,54 
o 
Bulk feed stock 
• ... ..:. 
... 
Oxygen or nitrogen can be added to form 
oxides or nitrides 
Figure 2.4: Schematic of plasma processing 
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The feed stock was fed into the hopper, from where it was injected into the plasma 
torches. There were two plasma arcs in which the material was vaporised and then passed 
through a ring of quench gases which cooled the material down rapidly, promoting the 
formation of nanoparticles. This nano material was then drawn by a speed controlled fan 
through pipe work to the collection chamber. 
2.3.5 Processing Nanoceramics 
The critical issue of nano ceramics is the relatively difficulty in processing of these 
powders. A major issue is their tendency to agglomerate due to their ultra fine size. 
Generally smaller particles produce larger agglomerates. Tackling this problem has 
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received a huge amount of attention worldwide and many different approaches are being 
investigated. One is to identifY the causes and eliminate (or at least control) them, for 
example through tighter controls during synthesis. Another is to try to minimise the 
contact by isolating individual crystallites in protective sheaths before contact with other 
particles. These sheaths can be removed prior to use. Although some reagglomeration is 
inevitable, this is believed to be weaker than that developed during powder processing. 
Another approach is to create very weak agglomerates that crush readily to yield the 
fundamental particle.62 
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2.4 Suspensions 
2.4.1 Introduction to colloidal suspensions 
A colloid is a dispersion of small particles of one material in another. The term "small" is 
used to describe particles that possess at least one dimension in the size range I nm-I 
~m. A feature of all colloidal systems is that the contact area between particles and the 
dispersing medium is large; resulting in inter-particle (or surface) forces strongly 
influencing the suspension behaviour.63 The name given to the dispersion depends on the 
two phases involved. 64 A sol is a dispersion of a solid in a liquid or a solid in a solid, an 
aerosol is a dispersion of a liquid in a gas or a solid in a gas, an emulsion is a dispersion 
of a liquid in a liquid.64 
2.4.1.2 Suspension Preparation 
In order to make a suspension, the liquid is mixed with the powder to create a flowable 
system; this step also breaks down the agglomerates into individual particles which are 
then dispersed through the liquid. This processing step can be accomplished by 
mechanical action, usually with a machine that shears the mixture of powder and liquid. 
It is a dynamic process in which re-agglomeration is constantly in competition with 
deagglomeration. Ceramic processing often involves the use of a chemical additive which 
tends to prevent the process step from going backwards. This additive is a dispersant. The 
state of dispersion (stable or flocculated) is important to the effectiveness of sunscreen 
formulations, as they depend on production of an even, continuous product film on the 
skin with a homogenous distribution of the physical sunscreen particles within that 
film. 30•65 
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In the dispersion of particles within a suspension the various binding forces between 
particles can be overcome by the use of physiochemical and mechanical means. There 
are three fundamental processes that take place and influence the resultant suspension. 
I. The wetting of the solid particle 
2. Deagglomeration of particle agglomerates 
3. Stabilisation of the dispersed suspensions 
2.4.2 Zeta Potential 
When suspended in a polar liquid, particles can become electrically charged either by the 
dissociation of surface groups or the preferential adsorbing or desorbing of ions via 
mechanisms controlled by the electrical nature of the particle surface. The surface can 
attract and adsorb ions of opposite charge, counter ions that are dissolved in the solvent. 
The particle surface has ions directly adsorbed strongly onto it to form a layer known as 
the Stem Layer. This layer can repel ions of the same charge, known as co-ions, 
establishing an electrostatic potential between the surface and the liquid medium. The 
counter ions are distributed in a diffuse manner in the polar medium according to their 
electrical forces and random thermal motion. This is the Diffuse Layer in which counter 
ion concentration decreases as the distance from the surface increases. The combination 
of Stem and Diffuse Layers compose the Electrical Double Layer which represents the 
first step toward the stability of charged colloidal systems, this can be seen in figure 2.6. 
When a particle is moving through the liquid, the Stem and part of the Diffuse Layers 
move with the particles. The potential at this plane of shear is referred to as the Zeta 
Potential. This indicates the gradient of electrical potential when the surface potential is 
constant. When the surface charge and surrounding counter ions are equal the surface 
potential is zero, this is the iso electric point (IEP). The zeta potential at the IEP is zero. 66 
This absence of repulsive forces between particles causes the system to flocculate and 
hence dispersion of the powder at pH values surrounding the IEP is difficult to obtain63 
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Figure 2.6: Zeta potential of the electrical double layer 67 
The zeta potential is denoted as 1;, this voltage depends on the particle density and on the 
Electrical Double Layer thickness. As more salt is added the Electrical Double Layer 
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shrinks and this tends to reduce the zeta potential. In colloids where the particles have 
acidic or basic groups on the surface, the hydrogen ion is potential detennining and the 
charge is controlled by pH.68 The magnitude of the zeta potential is regarded as a 
reflection of the dispersion stability and it peaks when maximum adsorption of ions on 
the surface is attained. Since the charge and surface potential of the pure oxides are 
primarily pH dependant, it is possible in some cases to adjust the pH conditions of the 
slurry in such a way that all the particles will exhibit the same charge polarity. If the 
surface charge of a particulate is high enough then a stable suspension without the 
fonnation of hard agglomerates can be prepared. 69 At this point, optimum dispersion is 
reached with minimum viscosity values. 
With metal oxides the simplest approach to achieving a well dispersed suspension is to 
change the pH of the liquid through acid or base additions. These oxides will hydrolyze 
in the presence of water to form hydroxide layers at the surface (=M-OH). This layer is 
rapidly modified toward a higher density of positively charged surface (M-OH2t groups 
or negatively charged surface (M-Or groups. This depends on the amount of hydrogen 
ion in solution. Water molecules may become physically and/or chemically adsorbed 
onto the surface of the dispersed oxide particles. The polar hydroxyl group (-OH) may 
cause the surface to attract and physically adsorb additional layers of polar water 
molecules. An oxide or hydroxide surface can become charged by reacting with H+ or 
OH" ions due to surface amphoteric reactions. If all the oxide particles are identical in 
composition, the pH adjustments will cause them all to attain the same sign of surface 
charge and all the particles will begin to repel one another. At low pH, hydroxide 
surfaces adsorb protons to produce positively charged surfaces. At high pH they lose 
protons to produce negatively charged surfaces. At high levels of inter-particle repulsion, 
the attempt to maximize distance between themselves causes the particles to become 
dispersed in the liquid, creating a stable suspension.69 
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2.4.2.1 Van der Waals Forces 
When molecules pack together in a liquid state the force that attracts them is Van der 
Waals. This is a force of attraction or repulsion that is neither ionic nor covalent. As two 
molecules approach one another the electron distribution of one may be unsymmetrical; 
there may be a dipole for an instant. This temporary dipole can attract the electron cloud 
from a neighbouring molecule. Both molecules now have a dipole and are attracted. 
The ease with which an electron cloud is distorted into a dipole is called the 
polarisability. This increases with the number of electrons in a molecule and the strength 
of the forces of attraction and therefore increases with molar mass. The shape of the 
molecule is also important as elongated molecules are more easily polarised than compact 
symmetrical molecules.7o 
These long range forces resulting from Van der Waals interactions are ever-present and 
always attractive between like particles. Van der Waals attractions exhibit a distance 
dependence whose strength depends on the dielectric properties of the interacting 
colloidal particles and intervening medium. 63 
Long range attractive Van der Waals forces between particles must be alleviated during 
colloidal processing to achieve the desired suspension stability. One approach is to render 
these forces negligible by suspending particles in an index matched solvent. This 
approach had been demonstrated previously for silica and polymer based lattices. 
However this approach is of limited practical importance because of the high index of 
refraction of most ceramic powders. In the case of ceramic powders there must be some 
type of inter-particle repulsion. 
While moving randomly in a dispersion medium, particles collide with one another. Their 
interaction at the moment of collision is the factor that defmes the stability of the 
suspension. The main inter-atomic force that influences the behaviour of sub micrometer 
particles in a polar suspension is attractive Van der Waals forces. In the absence of a 
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repulsive force, Van der Waals force produce strong inter particle attraction and clusters 
are formed. These clusters are low density structures with small separation, less than 5 
nm. On interaction with each other, these clusters will create a flocculated network, 
which result in unstable and heterogeneous suspensions. 
Van der Waals forces arise from the interactions of atomic and molecular dipoles and can 
be distinguished into 3 types: 
• Keesom, a permanent dipole causing the orientation of other permanent dipole 
and attraction results 
• Debye, a permanent dipole which induces a dipole in an atom/molecule, such that 
orientates and mutual attraction occurs 
• London, a transitory dipole resulting from the instantaneous fluctuations in the 
charge distributions, also inducing a dipole in the surrounding media, causing 
attractive forces. With the exception of highly polar materials, London dispersion 
force accounts for nearly all the Van der Waals attraction in particulated systems. 
The stability of a suspension depends on the sign and magnitude of the total energy of 
interaction between particles. The general equation for describing this interaction 
incorporates the sum of attractive and repulsive contributions: 
Where VA is the Van der Waals force and VR is electrostatic, steric and other interactions. 
The attractive contribution is always present due to the tendency of the particles to be in 
contact with each other by means of London Van der Waals forces. 66 
To generate stable dispersions, Van der Waals attraction forces can be combated by a 
very limited number of mechanisms. One is electrostatic and the other is polymeric 
stabilisation or electrosteric.63 
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Through careful control of inter-particle forces, colloidal suspensions can be prepared in 
dispersed, weakly flocculated or strongly flocculated states. In a dispersed state, discrete 
particles exist in the suspension and repel one another on close approach. In a weakly 
flocculated state, particle aggregate fonning isolated clusters (or flocs) in suspensions. In 
this case, an equilibrium separation distance exists between aggregated particles. 63 
Each stabilisation mechanism works by preventing or hindering the flocculation of 
particles in a suspension. Electostatic stabilisation uses ions in solution to generate like 
charges on the particles in suspension. Electrosteric stabilisation uses a charged polymer 
that absorbs on the particle surfaces, causing electrical double layer repulsion. 63 Steric 
stabilisation uses macromolecules attached to the surface of the particles to prevent 
approach by other particles. A number of fundamental interactions can be used to alter 
inter-particle forces. Those forces include attractive Van der Waals, repulsive 
electrostatic forces, attractive or repulsive electrosteric forces and attractive capillary 
forces. With the exception of Van der Waals forces, the manipulation usually requires the 
addition of a surface active agent to a liquid-particle system71 
2.4.2.2 Electrostatic forces 
The stability of aqueous colloidal systems can be controlled by generating like-charges of 
sufficient magnitude on the surfaces of suspended ceramic particles. The resulting 
repulsive electrostatic forces exhibit an exponential distance dependence whose strength 
is governed by the surface potential induced on the interacting colloidal particles and the 
dielectric properties of the intervening medium.63 The repulsive forces drive the particles 
apart, giving a positive contribution to the stability of the suspension.72 
Attractive forces within a suspensIOn lead to instability and aggregate fonnation and 
flocculation. The classic DeIjaguin, Verway, Landau and Overbeek (DLVO) theory 
provides a good description of the interparticle potentials in ceramic powder dispersions, 
even if all the surface forces involved in a particulate system are not included. This 
theory assumes that the net force between the particles immersed in a polar liquid is 
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given by the algebraic sum of the Electrical Double layer repulsion and the attractive Van 
der Waals forces. Therefore the attractive Van der Waals forces are normally balanced by 
the long range repulsive forces, these can originate from charging the suspended particle 
by adjusting the pH or by the surface adsorption of surface active agents, for example 
dispersants. 72 
As predicted by DL VO theory, dispersions can be rendered unstable by either increasing 
ionic strength or adjusting pH toward the !EP. Lange and co workers 73 produced weakly 
attractive, aqueous alumina suspensions at pH conditions below the !EP point. These 
attractive networks were much weaker than those produced by flocculating the system at 
its [EP (-8.5 pH). Because of the weak attraction between particles, such slurries could 
be consolidated under modest applied pressures to densities approaching those attainable 
in dispersed systems63 
Electrostatic stabilisation in aqueous media requires two deflocculants: 
1. A potential determining ion (usually Hl 
2. A counter ion preferably a monovalent cation 
So stabilisation can be achieved by changing the pH or by adding a counter ion as a 
dispersant. 
2.4.2.3 Electrosteric Forces 
Electrosteric stabilisation is a combination of these two. Electrosteric stabilisation can be 
achieved via two methods: 74 
1. Steric stabilisation, where macromolecules are attached to the particle surface 
2. Depletion stabilisation, in which the macromolecules are free in suspension66 
Polyelectrolytes act as agents to prevent coagulation. It is important to know the 
conditions under which the polyelectrolyte will stabilise the dispersion. Low 
concentration of polyelectrolytes brings about flocculation (by polymer bridging) and 
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aggregation under the influence of attractive London Van der Waals between particles. 75 
If the surface is covered to a higher degree flocculation doesn't occur. Attractive forces 
can be counted by a greater repulsive force separating particles from one another. 
Polyelectrolyte species are widely used as additives that can impart electrostatic and 
steric stabilisation to yield a colloidal dispersion. Such systems are often referred to as 
electrosterically stabilised. Polyelectrolytes contain at least one type of ionisable group 
(e.g carboxylic or sulfonic acid groups), with molecular architecture that ranges from 
homopolymers, such as poly(acrylic acid), to block copolymers with one or more 
ionisable segments. Polyelectrolyte adsorption is strongly influenced by the chemical and 
physical properties of the solid surfaces and solvent medium. For example, adsorption is 
strongly favoured when polyelectrolyte species and the colloidal surface carry opposite 
charges. At small adsorbed amounts, particle stability increases because of the long range 
repulsive forces resulting from electrosteric interactions. In the case of anionic 
polyelectrolytes, their degree of ionisation (a) tends to increase with increasing pH.63 
Most ceramic dispersants are polyelectrolytes and it is important to know which and how 
much dispersant to use. Problems can occur with unadsorbed dispersant in the suspension 
and compression of the Electrical Double Layer as a polyelectrolyte acts as an 
electrolyte.74 
2.4.2.4 Steric Stabilisation 
Steric stabilisation provides an alternative route of controlling colloidal stability that can 
be used for aqueous and non aqueous systems. In this approach, adsorbed organic 
molecules (often polymeric in nature) are utilised to induce steric repulsion. To be 
effective, the adsorbed layers must be of sufficient thickness and density to overcome the 
Van der Waals attraction between particles and prevent bridging flocculation. Such 
species should be strongly anchored to avoid desorption during particle collisions. The 
conformation of adsorbed layers can dramatically vary depending on solvent quality, 
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molecular architecture, number of anchoring groups, active surface site density and 
colloid concentrations in solution.63 
Adsorbed polymers will only provide steric stabilisation if two requirements are satisfied: 
1. Strong anchoring to the particle surface 
2. Sufficient extension of the adsorbed long-chain into solution to prevent the 
particles from approaching less that 10-20 nm from each other. 
Some small particles such as oleic acid will adsorb strongly onto the surface but their 
carbon chain is not long enough to produce steric stabilisation. It will reduce the London 
Van der Waals attraction between the particles; however, this action is known as 
semisteric stabilisation.66 
2.4.2.5 Dispersants 
The amount of dispersant directly influences the stability of the suspension. Dispersant 
should be added on the basis of particle surface area to ensure an adequate amount of 
coverage. Besides surface area, other factors that should be considered when adding a 
dispersant are the charge of the particle surface and the charge and size the 
polyelectrolyte. For good dispersions, the polyelectrolyte changes the IEP of the colloids, 
so they can be dispersed without adjusting the pH of the suspension. When added to 
suspension near the rEP, the water has a greater affinity for itself than the polymer and 
the polymer adheres to the particle surfaces.74 
In the past experiments such as adsorption isotherms, electrophoresis, sedimentation tests 
and rheology have been used to estimate the amount of dispersant required. 
Acoustophoresis can be used to measure zeta potential. 74 Particle size and zeta potential 
are the two most important particle characteristics that affect the bulk properties of the 
suspension. 62 
Selection of dispersing technique and chemical dispersant system is also very important. 
Dispersion depends on several processes, anyone of which can cause difficulties. 76 For a 
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powder to become well dispersed it must be wet by the solvent. The particles must 
become separated from one another and mixed with the solvent system and they must 
remain separated and not reagglomerate. 74 
Wetting is the act of getting the particle into the chosen liquid. Surfaces that are easily 
wetted are termed lyophilic, those that are difficult to wet are lyophobic. With lyophilic 
systems there is an affinity between the particle surface and the liquid (solvent) so the 
material will disperse spontaneously in the liquid. With a lyophobic material there is no 
affinity between the particle surface and the liquid, therefore thermodynamic work is 
required to disperse the material. Zinc oxide and titania are examples of lyophobic 
materials. 77 There is a variety of states between these extremes, which can be affected by 
the surface chemistry. From a practical point of view, a powder that wets poorly can be 
assisted by the addition of a wetting agent to the solvent used to make the slurry. Other 
approaches include treating the surface of the powder with surface modification agents or 
to heat treat the powder to remove organic contaminants that might be causing the 
problem.74 
2.4.2.6 Dispersants used in the current work 
The dispersants tested with zinc oxide in these experiments were polyethylene glycol 
(PEG) 1000, Dispex A40 and polyethyleneimine (PEl). PEG 1000 can be used to 
stabilise zinc oxide suspensions because polymeric adsorption may serve as an effective 
way for modifying the surface of the suspension against flocculation. The adsorption of 
polymeric additives onto the surface of the metal oxide is ascribed to a combination of 
chemical and electrostatic interaction, hydrogen bonding and Van der Waals force. Liufu 
et al 81 demonstrated that PEG 1000 molecules bond to ZnO nanoparticles through 
hydrogen bonds. The type and number of surface groups and ZnO nanoparticles 
determine the extent of polymer adsorption. The concentrations of these groups (-
ZnOH/, -ZnOH, -ZnO') depend on the pH of the solution. Decreasing the pH value 
increases -ZnOHt and ZnOH groups and reduces -ZnO' concentrations. This causes the 
polymers to become adsorbed on the surface of ZnO nanoparticles because there are 
more available -OH groups bound directly to polymer segments. The adsorption of PEG 
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influences the distribution of charge in the diffuse part of the electrical double layer, 
which leads to a small shift of pH IEP towards lower pH values. The change is attributed 
to a shift in the slippage plane away from the surface and the blockage of active sites on 
the surface of ZnD nanoparticles by adsorbing polymer chain. 
Dispex A40 is an anionic ammonium polyacrylate, with the molecular structure: 
Dispex acts by coating the surface of inorganic mineral particles with negative charges, 
through attraction to positive charges that develop on particles when in contact with 
water. Adsorption of Dispex produces a net negative charge on the particle surface such 
that the particles repel each other. This repulsion reduces the tendency to agglomerate.1B 
Figure 2.7 demonstrates the mechanism of action of Dispex A40. 
Polymer chain 
o 
o Pigment 
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Figure 2.7: Mechanism of action ofDispex A40 78 
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Polyelectrolyte dispersants such as Dispex are charged polymers. They contain ionisable 
groups such as carboxylic groups and primary and secondary amines, which will change 
their degree of ionisation with pH and ionic strength. As the fraction of ionised 
monomers increase, the polyelectrolyte charge density increases from neutral to highly 
charged and so the negative charge of Dispex increases as the pH increases. Dispex will 
completely ionise at pH 8.79 The adsorption of the polymer from solution onto the surface 
is detennined by a number of factors including the solution properties of the polymer, the 
monomer surface interaction and the surface-solvent interaction. Therefore the adsorption 
will be affected by the surface charge on the particle surface79 A fully ionised Dispex 
will attain a relatively rigid extended confonnation in solution and the polyelectrolyte 
will adsorb flat on a surface with essentially no parts of the polyelectrolyte extending into 
the tissue solution.79 
PEI is a cationic polyelectrolyte (-(CH2-CH2-NH)-n). Strong acid confers positive 
charge onto the polymer skeleton and positive NH2 + groups are easily absorbed on to the 
negatively charged zinc oxide particle surface which shifts IEP to a more alkaline pH. 
PEI has imido (-NH) groups that readily adsorb protons in the solution and PEI become 
positively charged, according to the following reaction: 
The protonation of PEI has been reported to occur at pH ~ 10.8.80 Here, probably because 
of the fonnation of zinc hydroxide, PEI will absorb more protons than remain in the 
suspension, which causes the ZnO particles to have a positive charge over a larger pH 
range86 
The dispersants tested with titania in these experiments were PEG 1000, poly acrylic acid 
2100 (PAA), tri ammonium citrate (TAC) and Darvan 82IA.74•81 PEG 1000 was used 
successfully in previous experiments with ZnO; therefore this dispersant was trialled with 
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titania. Kendall and Greenwood74 found that PAA 2100, TAC and Darvan 821A 
stabilised nano titania in aqueous suspensions. These dispersants are polyelectrolytes 
which act in a similar way to PEI described above.82 
2.4.3 Suspension Rheology 
Rheological measurements monitor changes in flow behaviour of a suspensIOn 10 
response to an applied stress. The critical parameters of interest include the apparent 
viscosity (11), the yield stress under shear (Ty) and compression (Py) and the visoelectric 
properties of the system.63 
Various types of flow behaviour can be observed under steady shear depending on 
suspensions composition and stability. Newtonian behaviour is the simplest flow 
response, where viscosity is independent of the shear rate. Shear thinning behaviour 
occurs when the viscosity decreases with shear rate. Shear thickening behaviour is when 
the viscosity increases with shear rate. This behaviour is rare and may be due to the 
sample not being initially dispersed properly and getting more dispersed as the shear 
increases.63 
The stability of a suspension is of great importance in the processing of high quality 
ceramic products with minimal micro structural defects. A stable suspension is one in 
which the particles are highly dispersed within the suspension medium. In stable 
suspensions, rheology is controlled by repulsive forces at the particle surfaces. A stable 
suspension allows high solids loading while maintaining homogeneity and consistent 
rheological behaviour. For colloidal susperisions, stability implies that the particles are 
dominated by Brownian motion (inertia and gravity have a larger effect on the behaviour 
of suspensions of larger particles). 63 
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The most important factors involved in the dispersion of colloidal ceramic particles 
include preparation and stabilisation of the suspension. In the dispersion operation there 
is a need to: 
I. Establish conditions necessary to achieve high reproducibility 
2. Determine process/product relationships that lead to continuous uniformity 
3. Characterise the interfacial properties between the continuous and dispersed 
phases83 
Rheology is the study of the flow behaviour of a system, and it is controlled by the 
following five factors: 
1. Particle-particle interactions 
2. Particle concentration 
3. Particle size and distribution 
4. Particle morphology 
5. The rheology of the suspension medium 
Powder characterisation is a crucial step in understanding and controlling the slurry 
making process. Particle size and particle size distribution are the two most important 
parameters that need to be measured.63 
Keeping the particles dispersed once they are mixed in the solvent typically requires the 
addition of a chemical deflocculant or dispersant. The dispersant screening process 
usually starts at low solids loading using either sedimentation or light scattering to 
determine the degree of dispersion of the particles in the solvent. Then rheolometry or 
other tests are conducted on higher solids systems63 
A stable suspension allows higher solids loading with lower apparent viscosity than an 
unstable suspension. A flocculated suspension is more viscous than a dispersed 
suspension with the same solids loading. In an unstable (flocculated) suspension, three-
dimensional networks of particles form, trapping water. These networks must be broken 
down to induce flow. In a stable (dispersed) suspension, each particle acts independently, 
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so the suspension is less viscous. As the solids loading of a suspension increases, the 
spacing between the particles will decrease and the viscosity of the suspension 
increases63 
Another factor controlling suspension rheology is particle size and distribution. Each 
particle in suspension has an adsorbed water layer on its surface with a thickness of 
approximately I nm. As particle size increases, the amount of water required for the 
adsorbed water layer decreases due to the decreasing total surface area of the particles in 
suspension. With more free water in suspension, the particles can move with less 
resistance, decreasing viscosity. Conversely, if particle size decreases the viscosity of the 
suspension increases. The distribution of the particle sizes in a suspension also affects its 
viscosity. A broad distribution leads to more efficient packing, lowering the viscosity of 
the suspension and decreasing the sedimentation rate. A decrease of the mean particle 
size leads to an increase of the shear-thinning behaviour due to the predominance of 
surface forces with respect to the hydrodynamic ones. A bimodal particle size 
distribution, gives slips with lower viscosity compared with the other ceramic powders 
having similar surface areas but characterised by a continuous particle size distributionY 
The process of rubbing a sunscreen onto the skin involves high shear forces (103_104 s·,) 
and it is the behaviour of the product both during and after this high stress process that 
defines its film-forming properties. To spread well over uneven skin, a product should 
have a low viscosity at high shear which will lead to a high SPF owing to the better 
spreading properties of the formulation. After a product has been spread on the skin it 
must recover its structure quickly to maintain an even film, if the viscosity remains low 
the product will flow into the wrinkles of the skin resulting in an uneven coverage and 
. 30 poor protectIOn. 
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3. Experimental 
The ceramic nano powders of zinc oxide, titania and mixtures of the two powders were 
produced via a plasma processing route described in section 2.2.4, these powders are 
described in 3.1. The mixtures were produced because zinc oxide and titania are 
complementary in terms of their absorbency, hence it was considered possible that a 
mixture of the two may provide broad spectrum protection across the UVA and UVB 
regions of the spectrum. The characterisation of these powders is described in section 3.2. 
The powders were formulated into stable suspensions as described in section 3.3 and the 
factors affecting the suspension's ability to absorb UV and visible radiation was 
investigated as described in section 3.4. The parameters investigated include agglomerate 
size, distribution as described in section 3.5 and suspension concentration as described in 
section 3.6. The long term stability of the suspensions was investigated as described in 
section 3.7. Mixtures of the powders were investigated to see ifthey have any advantages 
over the individual powders which were investigated as controls. 
3.1 Raw Materials 
The following powders were processed using the thermal plasma processing method 
described in section 2.2.4. The feedstocks were fed into the plasma arcs at a feed rate of 
0-0.5 kglh using a vibratory feeder. The power of the plasma arcs was 51 Kw at a 
pressure -20 mbar. 
3.1.1 Titania 
The feedstock material was spray dried titania powder (99.5% purity), with a mean 
granule size of 160 ~m; the mean size of the primary particles were 260 nm. The FEG-
SEM images of the feedstock are shown in 3.1. 
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Figure 3.1: (a) Titaniafeedstock x 10k (b) Titaniafeedstock x 50k 
3.1.2 Zinc Oxide 
The feedstock used for the zinc oxide is shown in the figure 3.2. It had a specific surface 
are of 5.66 m2g'I and an equivalent spherical diameter of 189 nm. 
Figure 3.2: (a) Zinc oxidefeedstock x 10k (b) Zinc oxidefeedstock x 50k 
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3.1.3 Mixtures 
The mixtures were made by feeding various quantities of the same zinc oxide and titania 
feedstock's into the plasma processing rig. The powders were blended together in a 
turbula for I hour before being fed into the plasma arcs under the same conditions as the 
individual powders. See the table 3.1 below for the quantities. 
Powder Number Zinc oxide wt% Titania wt% 
I 95 5 
2 80 20 
3 50 50 
4 20 80 
5 5 95 
Table 3. J: The amounts of powder fed mto the plasma processmg rig 
3.2 General Techniques 
3.2.1 FEG-SEM 
The powders produced by plasma processing were examined under FEG-SEM (Field 
emission gun scanning electron microscope). The samples were prepared by dispersing 
the powder in methanol and pi petting the suspension on to a glass plate. Once the 
methanol had evaporated the samples were coated with gold. The sample was then placed 
in the FEG-SEM (Leo 1530 VP, Oxford Instruments, UK) under vacuum and viewed 
using the in-lens detector from a working distance of - 5 mm and an aperture size of 
30.00 J.lm. The voltage used was 5 kV. The FEG-SEM used gave very high resolution (it 
was capable of producing good pictures at 200,000 times 
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magnification and higher) and an Electron Backscattering Diffraction 
system (EBSD) enabled the sample crystallography to be studied. 
The mixture powders were pressed into pellets and examined using the EDAX function 
on the FEG-SEM to produce elemental dot maps of the powders. These dot maps showed 
the distribution of the zinc and titanium within the powder to establish how evenly 
distributed the two compounds were. 
3.2.2 Particle size determination 
The size and size distribution of the particles and agglomerates within the powders were 
examined using a Malvern Mastersizer 2000 (Malvern instruments, Malvern, UK). The 
powder was weighed and mixed with 1 ml Igepal (Sigma) to form a paste. The Igepal 
was used as a surfactant to assist sample preparation by removing the surface charge 
effects that could cause the sample to float on the surface of the solvent. Dispersed in 750 
ml of deionised water, the sample was added until the obscuration was between 10 and 
15%. This helped set the concentration of the sample when added to the dispersant since 
it was a measure of the amount of laser light lost due to the introduction of the sample 
within the analyser beam. The weight of the sample added depended on the amount of 
sample needed to reach the obscuration range, normally 200-500 !!g. The suspension 
was stirred at a rate of 2000 rpm. The size and distribution measurements were taken over 
30 s with the average over 5 measurements being calculated. 
The size and size distribution of the agglomerates within the suspensions were measured 
using the Malvern Mastersizer 2000. The method was similar to that described above for 
the powders, however the suspensions, rather than powder, were added to the 750 ml of 
deionised water drop wise until the obscuration rate was within range. 
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3.2.3 XPS 
The powders produced were analysed to calculate their exact composition using XPS 
(ESCALAB MKI, VG Scientific, UK). The XPS used an Al X-ray source with a pass 
energy of 1.36 x 10-17 J (85 eV), scan range 0-1.7 x 10-16 (0-1100 eV) and a data step 
interval 6.4 x 10-20 (0.4 eV). This XPS data also gave details of any bonds present in the 
powder to discover if the powders were a reaction product or a solid suspension of the 
two compounds. 
3.2.4 XRD 
The powders were examined usmg XRD (Broker D8 X-ray diffractometer, UK) to 
distinguish the phases of the powders and if there was any reaction product present. The 
XRD was equipped with a Cu Ka radiation (1..=0.154060 nm), employing a scanning rate 
of 0.060 S-1 and 2e ranges from 20 0 _80 0 • 
3.2.5 FTIR 
The presence or absence of reaction product within the mixture powders was confirmed 
using the FTIR (Shimadzu FTIR 8400S, Japan). The powders were mixed with KBr in a 
1% (w/w) mixture. The mixed powder was pressed into pellets at 10 ton for 5 min. The 
transparent pellets were inserted in the apparatus and the spectra were recorded from 
750-4000 cm -1 with a resolution of 4 cm -1. 
3.2.6 Zeta potential 
The zeta potential of the suspensions was measured using the AcoustoSizer II (Colloidal 
Dynamics, USA), which used acoustophoresis to measure the zeta potential and particle 
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sIze of suspensions. The AcoustoSizer II has purpose-built electroacoustic probes for 
determining the particle size and zeta potential. There are also probes for measuring pH, 
conductivity and temperature. 
This technique allowed automated titration of acid and base to identify the IEP 
(isoelectric point).74 
Standard methods for measunng sIze and zeta potential are limited to very dilute 
suspensions. These methods involve passing light through the suspension and cannot be 
applied to most industrial suspensions, which are opaque, without substantial dilution. 
The latter is not only inconvenient, but may also change the properties of particle size and 
zeta potential that are being measured. This may be because the diluting electrolyte is 
different from the true background electrolyte or it can come from trace amounts of 
surface active impurities adsorbing to the small particle surface area in these dilute 
suspensions. These affects can alter the zeta potential and in turn can alter the state of 
aggregation. 68 
The electroacoustic technique can be applied to concentrated suspensIOns because it 
involves the measurement of sound rather than light. Unlike ultrasonic attenuation 
measurements, which attempt to determine the particle size by directing a sound wave 
into the suspension and measuring its attenuation on crossing. the suspension, the 
AcoustoSizer II involves the measurement of sound waves produced by the particles 
when a high frequency electric field is applied to the colloid causing the charged colloidal 
particles to move. The sound has the same frequency as the applied field, which is 
measured in the MHz range. The effect of the sound wave generation in a colloidal 
suspension under applied electric field is called electrokinetic sonic amplitude or ESA.84 
Electroacoustic measurements can be used for determining the dynamic mobility of the 
particles and then with the use ofO'Brien's formula determine the size and zeta potential 
measurements.85 
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The technique applied an alternating electric field to the suspension and measured the 
amplitude of the generated acoustic wave---electrosonic amplitude. This was measured as 
a function of frequency (300 kHz - 11.5 MHz) to generate a mobility spectrum, which 
was related to the particle size and zeta potential. 74 
To demonstrate the dispersants ability to stabilise the suspension, the zeta potential of the 
suspension with and without dispersant was measured over a range of pH values. A 
suspension of 150 ml was prepared using the method described above, one with 
dispersant and one without dispersant. The suspensions were run through the 
AcoustoSizer Il and measured through a range of - 4 - 12 pH. The pump speed was 400 
ml!min and the stirrer was set at 4 rpm. 
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3.3 Suspension Stability 
Stable suspensions of all of the powders were made as described below. This involved 
investigating the surface energy of the powders in water and then assessing the effect of 
various dispersants on the suspension stability. The dispersants used for all the 
suspensions are detailed below in table 3.2. 
Dispersant Chemical Structure Molecular Density I Melting point I 
Weight mg/m3 'C 
PEG-1000 ((C2140) n.H2O) 1000 1.1-1.2 20-25 
PAA (CH2CHCOOH)n 2100 N/A N/A 
TAC C6H 17N30 7 243.22 N/A N/A 
Darvan (PAA-N14) 6000 1.11 0 
821A 
Dispex ((CH2-CH)(COONH4)n 3500 1.6 0 
A40 
PEI (PMA-NH4) -60,000 1.08 N/A 
Table 3.2: Detmls of dIspersants used to make sllspenSlOns 
3.3.1 Titania 
The dispersants tested were polyethylene glycol (PEG) 1000 (Aldrich, UK), poly acrylic 
acid 2100 (PAA) (Aldrich, UK), tri ammonium citrate (TAC) (Aldrich, UK) and Darvan 
821A (Aldrich, UK). Suspensions were made by adding the dispersant (PEG = 2ml, PAA 
= 0.07 g, TAC = 0.05 g, Darvan = 0.07 g) to water or a 10 mM KCI solution (50ml) 
whilst stirring and then adding the titania (2.5 g). The suspension was placed under 
ultrasonics, at 12 microns amplitude, for 2 min per 30 ml of suspension then left on a 
stirrer to mix overnight. The stability of these suspensions was determined by measuring 
their settling rate when placed into a 10 ml measuring cylinder. The suspensions were left 
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over 24 hrs and checked after I min, 5 min, 10 min, 20 min, 30 min, I hour, 3 hour, 5 
hour, 12 hours and 24 hours. 81,82 
PAA was chosen as the dispersant to use for the rest of the experiments. 
3.3.2 Zinc Oxide 
Three different dispersants were used, viz. PEG 1000 (Aldrich, UK), Dispex A40 (Ciba, 
UK) and PEI (Aldrich, UK). 
The suspensions were made using the same method as the titania suspensions; the water 
(50 ml) and dispersant (2 ml) were mixed and stirred, then the powder (2.5 g) was added 
whilst still stirring. The stirred suspension was exposed to ultrasonic energy at 12 
microns amplitude (2 min per 30 ml), then left stirring overnight. Again the settling rate 
and agglomerate size were used to distinguish between the dispersants. The zeta potential 
was also measured to demonstrate how the dispersant stabilises the suspension. 
PEI was chosen as the dispersant to use for the rest of the experiments. 86 
3.3.3 Mixtures 
The mixtures were prepared using the same method as the individual powders, the water 
(50 ml) and dispersant were mixed and stirred, then the powder (2.5 g) was added whilst 
still stirring, using PEI (2 ml) for the predominantly zinc oxide powders and PAA (0.07 
g) for the predominantly titania powders. Again the settling rate and agglomerate size 
were used to distinguish between the dispersants. 
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Once stable suspensions were prepared they were all tested for settling rate, particle size 
distribution and surface energy as described in section 3.4.1. 
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3.4 Absorbency Measurements 
The resultant suspensions were tested for their absorbency using a photo spectrometer 
and the particle size and distribution was measured using a Malvern Mastersizer 2000. 
All of the absorbency plots were corrected for their concentration, except in the case 
where the effect of concentration was investigated. 
Absorbency was measured using thin layers of the suspension 25 microns in depth made 
using quartz microscope slides, see figure 3.3. 
Quartz 
Cover slide 
Quartz 
Microscope 
Slide 
Figure 3.3: The absorbency tool 
Suspension 
Layer 
Quartz cover slides (25 microns depth) were glued to a quartz microscope slide to create 
a well in the centre of the slide. The well was filled with the suspension and the top 
levelled off ensuring that the thickness of the film was the same throughout the sample. 
The absorbance was then measured using a spectrometer (Lambda 2, Perkin Elmer, USA) 
from 280 - 800 nm at intervals of 20 nm over the 280 - 400 nm range (the UVR range) 
and 50 nm from 400 - 800 nm (the visible range). 
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3.5 Particle Size Analysis 
The suspensions were engineered to ensure different agglomerate sizes and distributions 
before being examined for their absorbency. The dispersants (PEI = 2ml, P AA = 0.07 g) 
used were added to the water (50 ml) whilst stirring and then the powder was added (5 
wt% = 2.5 g). The powders were ground via micronisation and the suspensions were 
subsequently modified via a range of filtration steps, detailed below, enabling a wide 
range of suspensions to be made. 
3.5.1 Micronisation 
The plasma processed powders were micronised using a McCrone Micronising Mill 
(McCrone Research Associate, London, England) at 50 Hz for 8 min and suspensions 
made to investigate the impact of micronisation on the agglomerate size distribution. 
3.5.2 Filtration 
Following stirring for 12 hours the resultant suspensions were filtered. The first filtration 
step was through a 90 flm filter (Endecotts Ltd, London, England) to remove the very 
large agglomerates. After this filtration step the large agglomerates remaining on the 
filter were washed back to create a suspension with very large agglomerates and no 
smaller particles. This suspension, labelled 'backwash', enabled an assessment to be 
made on the effect that large particles have on absorbency. The initial filtrate then was 
filtered through a I flm filter (Whatman filter dies, Puradics 25FT) leaving a suspension 
with a narrow distribution and small average particle size. 
The suspensions were analysed further, their absorbency and particle size distribution 
was measured using the methods described in section 3.3.2. The suspensions were dried 
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out in an oven at 60"C for I hour to remove all the water and FEG-SEM images of the 
different size distributions were analysed using the method described in section 3.3.1. 
3.6 Effect of concentration 
All the powders were made up into I, 3, 5, 8 and 10 wt% concentrations to examine the 
effect that the solids content of the suspensions had on their absorbency. The dispersants 
used were added to the water (50 ml) whilst stirring and then the powder was added. The 
suspensions were all made with the same particle size and distribution to ensure that this 
was not a variable. The absorbency was examined as described in section 3.5. 
Suspension / wt% Amount of Powder / g Amount of PEI / ml Amount of PEI / g 
I 0.5 0.4 0.014 
3 1.5 1.2 0.042 
5 2.5 2 0.07 
8 4 3.2 0.112 
10 5 4 0.14 
Table 3.3: The amount a/powder and dIspersants used In the concentratIOn study 
3.7 Long Term Stability 
Suspensions of all the plasma processed powders were made at 5 wt% according to the 
method detailed in section 3.4 and then left for 5 weeks at room temperature. Each week 
the absorbency and agglomerate size was measured to analyse the suspensions behaviour 
over time. 
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4. Results 
4.1 Characterisation of plasma processed material 
The plasma processed material was characterised via various methods, FEG-SEM images 
were taken and the agglomerate size and distribution were measured. 
4.1.1 Titania 
Figure 4. J: FEG-SEM o/titania powder x 50k (left) x J Oak (right) 
Agglomerate Size Distribution 
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Figure 4.2: Agglomerate size distribution o/titania powder 
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Powder DI0 f ilm SO DSO f ilm SO 090 f ilm SO 
Ti02 3.1 0.03 13.0 0.11 50.9 1.17 
Table 4. I : Agglomerate size distribution oJ tilania powder 
From the FEG-SEM image in figure 4.1 it can be seen that the titania powders were a 
mixture of larger micron sized particles (2-6 Ilm) and much smaller nanosized material 
(30 - 50 run). The larger material didn ' t appear to be agglomerates, but it is likely to be 
material that has not been fully vaporised in the plasma, but melted around the edges to 
produce the larger spherical material. 
The agglomerate size distribution in figure 4.2 and table 4.1 showed that the powder had 
a large volume of agglomerates around 10 /lm; there were also some particles around I 
Ilm. Thjs is supported by the FEG-SEM images. 
4.1.2 Zinc oxide 
Figure 4.3: FEG-SEM oJzinc oxide powder x 50k (left) x lOOk (right) 
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Figure 4.4: Agglomerate size distribution oJ zinc oxide powder 
Powder DIO / /lm SD D50 / /lm SD D90 / /lm SD 
ZnO 3.5 0.11 33.4 1.12 200.0 9.92 
Table 4.2: Agglomerate Size distributIOn oJZtnC oXide powder 
The images in figure 4.3 showed that the zinc oxide powder was made up of a variety of 
particle shapes and sizes, some of which were non spherical particles, mainly cubic or 
oblong cubic shaped. There were also some larger particles which were not agglomerates 
but large particles which may not have been fully vaporised in the plasma. It can be seen 
from figure 4.4 and table 4.2 that there was a wide range of agglomerate sizes, i.e. the 
distribution was large; there were some very small particles of less than 50 run, but also 
some large particles of over 300 nm. Figure 4.3 showed some of the zinc oxide 
agglomerates were cubic or oblong cubic shaped but the Mastersizer calculates the 
particle size assuming that they are spherical then it follows that the measurements may 
not have been accurate and needed to be supported by the FEG-SEM images. 
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4.1.3 Mixtures 
4.1.3.1 XPS 
Although XPS only measures the composition at the surface of the particles, since 
nanopowders are so small the XPS will be more representative for these powders than for 
large powders. 
Intended Intended Actual Actual 
zinc wt% titanium wt% zinc wt% titanium wt% 
95 5 95 5 
80 20 80 20 
50 50 70 30 
20 80 45 55 
5 95 35 65 
. . Table 4.3: COInposl/IOII of/he mlx/ure powders/ram XPS data 
The acrual content of zinc oxide and titanium in the powders did not match the intended 
content. 
The XPS data in table 4.3 showed that the % compositions of the mixrures were not the 
same as the starting powders. The two powders with high zinc oxide content were the 
same as the powder that was fed into the plasma processing rig, however as the amount 
oftitania in the feedstock increased the amount oftitania in the product didn ' t increase at 
the same rate. Further srudies detailed below were carried out to investigate why this was 
happening. 
The XPS data can also reveal the bonding within the powders. 
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Figure 4.5: XPS spectra for all the powders 
-ZnO 
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Figure 4.5 showed the XPS spectra for all the powders. It can be seen that they all 
contained a Zn 2p 312 at 1022.1 eV except for the titania powder. The latter, 35% ZnO / 
65% Ti02, 45% ZnO / 55% Ti02 and 70% ZnO / 30% Ti02 had a peak at 459 eV for Ti 
2p 312. All the powders had a peak for 0 Is at around 530 eV. 
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Figure 4.6: XPS of high zinc oxide content powders over 430-550 e V 
Figure 4.6 demonstrated the positioning of the 0 Is peaks for the predominantly zinc 
oxide powders. The values for these peaks corresponded to various oxidation states of the 
oxygen atom which described the bonds. For the zinc oxide powder the peak for oxygen 
was OIV which corresponded to the oxygen in zinc oxide. The 95% zinc oxide and 70% 
zinc oxide powders all showed 011 which was the oxygen in Ti02. 87 The peak for 
oxygen in the 80% zinc oxide was shifted to 535.1 eV which could be due to some 
moisture within the sample. 
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Figure 4. 7: XPS a/high titania content powders over 430-550 eV 
Figure 4.7 showed the 0 1 s peaks for the predominantly titania powders. The titania and 
35% zinc oxide powders had the 0 111 which is found in TiO. The 45% zinc oxide powder 
had an On peak found in Ti02. The different oxidation states of the titania suggested that 
the latter structure was altered through the processing and production of the mixture 
compounds. As the titania content increased, the bonding within the titania shifted from a 
Ti02 bond to a TiO bond. 
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Figure 4.8: XPS of all powders over 980-1080 eV 
Figure 4.8 showed all the powders had peaks for the Zn 2p except for the pure titania. All 
the peaks were in similar positions. This indicated that the zinc oxide structure was not 
being changed through the processing or the creation of the mixture compounds. 
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Powder Element Chemical Bond Remarks 
shift 
ZnO o Is 530.2 Zn-O OIV 
Zn 2p 312 1021.4 Zo-O 
95% ZnO 1 5% Ti02 o Is 531.1 Ti-02 011 
Zn 2p 312 1022.4 Zo-O 
80% ZnO 1 20% Ti02 o Is 535.2 H2O Moisture present 
Zn 2p 312 1026.3 Zn-O Moisture present 
70% ZnO 1 30% Ti02 o Is 531.3 Ti-02 011 
Zn 2p 312 1022.5 Zn-O 
Ti 459.7 Ti-O 
45% ZnO 1 55% Ti02 o Is 532.1 Ti-02 011 
Zn 2p 312 1023.7 Zn-O 
Ti 460.5 Ti-O 
35% ZnO 165% Ti02 o Is 530.2 Ti-O Olll 
Zn 2p 312 1023 .1 Zn-O 
Ti 459.5 Ti-O 
Ti02 o Is 530.3 Ti-O Olll 
Ti 459.1 Ti-O 
Table 4.4: XPS data for all the powders 
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Table 4.4 showed all the XPS results for all the powders. It can be seen that as the 
titanium content increased in the powders Ou decreased and Om increased, this is an 
inctication that TiO was more favourable within these powders88 The OIV was only 
present in pure ZnO as all the oxygen atoms within this powder were bonded within a 
zinc oxide structure.31 
4.1.3.2 Images of powder 
Figure 4.9: FEG-SEM of95% zinc oxide 5% titania powder x 5k (leji) x l OOk (right) 
Figure 4.10: FEG-SEM of 80% zinc oxide 20% titania powder x 10k (leji) x lOOk (right) 
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Figure 4.11: FEG-SEM of 70% zinc oxide 30% titania powder x 5k (left) x lOOk (right) 
Figure 4.12: FEG-SEM of 45% zinc oxide 55% titania powder x 5 k (left) x lOOk (right) 
Figure 4.13: FEG-SEM of 35% zinc oxide 65% litania powder x IOk (left) x lOOk (right) 
The FEG-SEM images (figures 4.9-4.13) of the mixture powders showed ihat all the 
powders contained large agglomerates sized between 10-50 Ilm. These agglomerates 
79 
appeared to be made up of smaller spherical nanosized particles of between 30-50 run. 
All the powders except 80% ZnO I 20% Ti02 contained some material which were larger 
than the primary particles, they did not appear to be agglomerates, but partially vaporised 
material. The 35% ZnO I 65% Ti02 contained more of this material than the other 
powders. 
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4.1.3.3 }C[) j\)( 
95% Zinc oxide I 5% titania 
Zn 
SI 
n Ti 
1.01 Hi 3.11 UI 5.10 6.DU 7.88 i .OI ' .00 10.10 
Figure 4.14: EDAX 0/95% zinc oxide / 5% titania powder 
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Figure 4.15: Dot maps 0/95% zinc oxide 5% titania powder 
The EDAX results (figure 4.15) all supported the XPS composition data. The only 
impurities in the powders were silicon which came from the glass on which the samples 
were mounted, and gold which was due to the gold plating in the sample preparation. 
The dot maps showed that the zinc and titanium were evenly distributed throughout the 
powder. This indicated that the powders were a solid suspension or a reaction product, 
such as zinc titanate, rather than a mixture of the two powders. Therefore these powders 
will have contained a more even distribution within a suspension than a mixture of the 
individual powders. 
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All the other powders showed similar EDAX results and dot map tmages and are, 
therefore, found in the Appendix. 
4.1.3.4 XRD 
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Figure 4.16: XRD spectra for all/he powders 
35%Zn 0/65% Ti02 
45%Zn 0 / 55% Ti02 
70%Zn 0/30% Ti02 
80%Zn 0/20% Ti02 
95%Zn 0/5% Ti02 
Ti02 
ZnO 
80 
o Anatase 
eo Rutile 
e a-Zn3Ti04 
The XRD results in figure 4.16 showed that the titania powder was a mixture of the 
anatase and rutile phases. The mixtures with 95% and 80% zinc oxide showed only peaks 
for zinc oxide. The powders with 45% and 35% titania showed peaks for titania with very 
small zinc oxide peaks. The powder with 70% zinc oxide and 30% titania showed a 
mixture of peaks for zinc oxide and titania, but also a small peak at around 28° 29, which 
could be zinc titanate formed during the plasma processing reaction. There was also a 
peak at around 35° 29 in the 70%, 45% and 35% zinc oxide powders which related to 
neither zinc oxide, titania or zinc titanate. This area has been highlighted on figure 4.17 to 
allow further inspection. 
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Figure 4.17: XRD spectra of all the powders over 30-40 28 
It can be seen in figure 4.17 that there was no peak at 35' 29 in the zinc oxide or titania 
powders. This peak was due to Ti ions becoming incorporated into the ZnO crystal. 91 The 
peak showed that the powders were polycrystalline with (0 0 2) preferred orientation. 
Titanium ions can act as a dopants, as they become Ti4+ when substituted into a Zn2+ site 
in the ZnO crystal structure resulting in 2 more free electrons. The radius difference 
between Ti4+ and Zn2+ is approximately 30% and it is possible to form a limited solid 
solution. 
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4.1.3.5 FTIR 
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Figure 4.18: FTIR of zinc oxide, titania and 70% zinc oxide / 30% titania powders 
The FflR was carried out to establish if the peak found during XRD on the 70% ZnO I 
30% Ti02 powder was due to a zinc titan ate reaction product. It can be seen from figure 
4.18 that 70% zinc oxide 30% titania powder had an almost identical curve to the zinc 
oxide. This data together with the data from the XPS demonstrates that there was none or 
very little reaction product in any of the mixture powders. 
It can also be seen from the graph that the titania powder had a peak at 1079 cm-I, which 
corresponded to the Ti-O stretches. This stretch was not present in the other powders. The 
zinc oxide and 70% ZnO I 30% Ti02 powders had a peak at 1650 cm-I which 
corresponded to the OH vibrations on ZnO surface from adsorbed moisture and also a 
peak at 2400 cm-I which corresponds to CO2• The peaks at 2926 and 2860 cm-I 
corresponded to the Zn-O, the intensity of these peaks were lower in the 70% ZnO I 30% 
Ti02 th.an in the zinc oxide powder because there was less ZnO present.89 
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4.1.3.6 Agglomerate size and distribution 
All the agglomerate distribution curves showed the main peak between 10-100 Ilm. The 
only powder which showed a different curve was the 35% ZnO 1 65% Ti02 which 
showed a large peak at around 50 Ilm and then another smaller peak above 100 Ilm. The 
FEG-SEM images of this powder (figure 4.13) show that there are more large spherical 
particles in this powder than in the others. 
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Figure 4. J 9: Agglomerate size and distribution of all the mixture powders 
Powder DIO 1 I'm SD D50 1 I'm SO 090 1 I'm SO 
95% ZnO 1 5% Ti02 4.3 0.15 31.1 0.98 161.0 8.08 
80% ZnO 120% Ti02 6.7 0.32 46.4 1.41 163.6 3.65 
70% ZnO 1 30% Ti02 5.0 0.33 45.9 2.45 242.5 2.44 
45% ZnO 1 55% Ti02 10.5 0.63 45.6 0.86 184.3 4.77 
35% ZnO 165% Ti02 8.1 1.15 26.9 1.66 88.9 6.02 
Table 4.5: Agglomerate size distribution of the mixture powders 
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4.2 Suspension Stability 
4.2.1 Titania 
4.2.1.1 Selection of dispersant 
Dispersant Sedimentation Rate 
PEG with water Sedimented quickly over 2 hours 
PEG with KCI solution Sedimented quickly over 2 hours 
Darvan 821 a with water No sedimentation ~ stable suspension 
Darvan 821 a with KCI solution No sedimentation ~ stable suspension 
PAA 2100 with water No sedimentation ~ stable suspension 
PAA 2100 with KCI solution No sedimentation ~ stable suspension 
T AC with water Sedimented slowly over 12 hours 
T AC with KCI solution Sedimented slowly over 12 hours 
Table 4.6: SedimentatIOn tests with litama suspenSIOns and various dispersants 
It can be seen in table 4.6 that PEG and T AC did not produce stable suspensions of 
titania, therefore these dispersants were used no further. The suspensions made with PAA 
and Darvan 821 a were stable and so tested further. 
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Figure 4.20: Agglomerate size and distribution oftitania suspensions made with Darvan 
The agglomerate distribution of the suspensions made using Darvan 82 1a are shown in 
the tigure 4.20. It can be seen that before filtration the suspensions made with water and 
KCI solution were similar with a large agglomerate peak at around 10 !lm. When tiltered 
this peak disappeared and tbe suspension became bimodal with the main peak around 100 
run, with another peak just below I !lm. 
Suspension 010 / /1m SD D50 / I'm SO 090 / I'm SO 
Darvan 821a with 
0.3 0.0 1 3.9 0.03 8.9 0.Q7 
water 
Darvan 821a with KCI 
0.6 0.00 4.3 0.01 10.1 0.02 
solution 
Darvan 82 1 a wi th 
0. 1 0.00 0.2 0.02 0.8 0.04 
water and fi ltered 
Darvan 821 a with KCI 
0.1 0.00 0.1 0.01 0.9 0.07 
solution and tiltered 
Table 4.7: Agglomerate sIze and dIstributIOn of Illama suspensIOns wIth Darvan 821 a 
The agglomerate size distributions of the suspensions in table 4.7 showed that those 
produced with Darvan 821a had large agglomerates that could only be removed via 
filtration. This was undesirable as it reduced the number of agglomerates within the 
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suspension. It was desired to be able to produce a suspension with a smaller average 
agglomerate size. 
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Figure 4.21: Agglomerate size and distribution oj tilania suspensions made with P AA 
Figure 4.21 showed that the suspensions made with PAA all had similar curves except for 
the suspension made with KCl and filtered, which showed a much smaller average 
agglomerate size and distribution. The suspensions all had a peak at around 100 nm, 600 
nm and with the exception of the KCI and filtered suspension, at around 4 j.lm. The 
suspensions all had a smaller average agglomerate size than the suspensions made with 
Darvan 821 a. 
Suspension 010 / pm SO OSO / pm SO 090 I pm SO 
PAA with water 0. 1 0.01 0.5 0.07 3.7 0.42 
PAA with KCl 
0.1 0.00 0.4 0.00 4.3 0.00 
solution 
PAA with water 
0.2 0.01 1.2 0.04 4.2 0.03 
filtered 
PAA withKCl 
0.1 0.00 0.1 0.08 0.5 0.30 
solution filtered 
Table 4.8: Agglomerate sIze alld dlSlnbutlOlI ojlllallla suspenslOlIS made wllh PAA 
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It can be seen from table 4.8 that the agglomerate sizes within the suspensions made with 
P AA and KCI had the smallest average agglomerate size without any filtering and also 
had a much smaller average agglomerate size after filtration. It is for this reason that this 
combination was used for future experiments. 
P AA is a polyelectrolyte that contains polymer chains with numerous dissociable groups. 
The degree to which these groups dissociate is a function of pH. Stabilisation of colloidal 
systems is through the formation of a protective layer of adsorbed polymer. Adsorption 
takes place again through hydrogen bonding and chemical interaction between the titania 
surface and the carboxyl groups of the polymer.82 
4.2.1.2 Zeta potential 
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Figure 4.22: Zeta potential o/titania suspensions 
The zeta potential curves for the titania suspensions are shown in figure 4.22, the grey 
box indicates the pH at which a sunscreen will be formulated. This represents a neutral 
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pH which is necessary for products which are to be applied to the skin to prevent adverse 
reactions. It is the stability within this region that is important in these experiments. 
It can be seen from figure 4.22 that when the P AA was added the zeta potential increased 
and created a stable suspension. The shaded area is of particular interest as it is in this 
region that a sunscreen will be formulated, this region is around neutral pH. For a product 
used on the skin the formulation cannot be too acidic or alkaline. The suspension was 
considerably more stable in the shaded region with the dispersant than without it. 
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4.2.2 Zinc Oxide 
4.2.2.1 Selection of dispersant 
Zinc oxide suspensions were made using Dispex A40, PEG 1000 and PEI as dispersants. 
Suspension solids content and 
Sedimentation Rate 
dispersant addition level (dispex) 
I wt% 10 mg/g Sedimented slowly over 12 hours 
5 wt% 10 mg/g Sedimented slowly over 12 hours 
10wt% 10 mg/g Sedimented slowly over 12 hours 
Iwt% 20 mg/g No sedimentation => stable suspension 
5wt% 20 mg/g No sedimentation => stable suspension 
10wt% 20 mg/g Sedimented rapidly in 10 min 
Iwt% 30 mg/g No sedimentation => stable suspension 
5 wt% 30 mg/g No sedimentation => stable suspension 
10 wt% 30 mg/g No sedimentation => stable suspension 
Table 4.9: Sedimentation tests with zinc oxide suspensions and various dispersants 
Table 4.9 showed that the dispex-based suspensions were only stable once a minimum 
amount of dispex had been added. Below this level there was not enough surfactant to 
prevent agglomeration and so sedimentation occurred. This amount was 20 mg/g for 
suspensions less than 5 wt% and 30 mg/g for suspensions containing 10 wt%. This is 
because there needs to be enough dispersant to coat the particles and stabilise the 
suspension. 
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Figure 4.23: Agglomerate size and distribution of zinc oxide suspensions made with 
dispex 
Suspension 0]0 / /Im SO 050 / llm SO 090 / /Im SD 
I wt% ZnO 20 mg/g 
0.3 0.09 0.8 0.29 18.4 2.0 1 
Dispex 
5 wt% ZnO 20 mg/g 
0.2 0.02 0.8 0.03 7.8 0.48 
Dispex 
I wt% ZnO 30 mg/g 
0.4 0.00 1.2 0.05 16.3 1.27 
Dispex 
5 wt% ZnO 30 mg/g 
0.2 0.00 0.4 0.00 6.7 0.14 
Dispex 
10 wt% ZnO 30 mg/g 
0.2 0.00 0.7 0.01 2.8 0.07 
Dispex 
Table 4.10: Agglomerate size and distribution of zinc oxide suspensions made with dispex 
Figure 4.23 and table 4.10 showed the agglomerate distribution within the stable 
suspension made with dispex. The suspensions with 20 mg/g and the I wt% suspension 
with 30 mg/g of dispex showed simi lar curves with a broad peak from around 500 nm up 
to 100 Ilm. This suggested that there were many larger agglomerates within these 
suspensions, this may be because there was not enough dispex to cover the surface of the 
agglomerates so they started to agglomerate, or in the case of I wt% 30 mg/g dispex there 
93 
may be too much dispex and this may have caused the agglomerates to coagulate due to 
increased electrolyte levels. The 5 and 10 wt% suspensions with 30 mglg dispex had a 
bimodal distribution with a peak at about 200 nm then another just above I ~m. The 
amount of dispex in these suspensions was enough to coat the particles fully to prevent 
the particles agglomerating to one another. 
Suspension solids content and 
Sedimentation Rate 
dispersant addition level (PEG) 
I wt% ID mglg Sedimented slightly over 24 hrs 
5 wt% 10 mglg Sedimented slightly over 24 hrs 
10wt% 10 mglg Sedimented in 30 min 
I wt% 20 mglg No sedimentation ~ stable suspension 
5wt% 20 mglg No sedimentation ~ stable suspension 
10wt% 20 mglg Sedimented in 30 min 
I wt% 30 mglg No sedimentation ~ stable suspension 
5wt% 30 mglg Sedimented slightly over 24 hrs 
10wt% 30 mglg Sedimented in 30 min 
Table 4. J J: Sedimentation tests with zinc oxide suspensions and various dispersants 
Table 4.11 showed that the PEG based suspensions were stable with an optimum amount 
of dispersant; above this level the excess surfactant caused sedimentation, whilst below it 
there was not enough surfactant to prevent agglomeration and sedimentation occurred. 
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Figure 4.24: Agglomerate size and distribution o/zinc oxide suspensions made with PEG 
Suspension DlO / pm SD D50 / pm SD D90 I pm SD 
I wt% ZnO 20 mglg PEG 0.5 0.0 ) 2.8 0.23 20.1 0.14 
5 wt% ZnO 20 mglg PEG 0.8 0.00 4.2 0.09 31. I 0.28 
) wt% ZnO 30 mglg PEG 1.5 0.06 5.4 0.12 17.5 0.89 
Table 4. J 2: Agglomerate size and distribution 0/ zinc oxide suspensions made with PEG 
Figure 4.24 and table 4.)2 showed that the suspensions had similar agglomerate size 
distribution curves, with a large peak at around 4 Ilm and slightly smaller peaks at around 
600 nm and just below ) 00 Ilm. All the suspensions contain agglomerates larger than 
those in the dispex suspensions and this means that PEG was not the best dispersant for 
zinc oxide. 
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Suspension solids content and 
Sedimentation Rate 
dispersant addition level (PEI) 
I wt% 30 mglg Sedimented slightly over 24 hrs 
5wt% 30 mglg Sedimented slightly over 24 brs 
IOwt% 30 mglg Sedimented in 30 miD 
I wt% 40 mglg No sedimentation ~ stable suspension 
5 wt% 40 mglg No sedimentation ~ stable suspension 
10wt% 40 mglg No sedimentation ~ stable suspension 
I wt% 50 mglg Sedimented in 30 miD 
5 wt% 50 mglg Sedimented slightly over 24 hrs 
IOwt% 50 mglg No sedimentation ~ stable suspension 
Table 4.13: Sedimentation tests with zinc oxide suspensions and various dispersants 
Table 4.13 showed that the PEl based suspens ions were stable with an optimum amount 
of dispersant; above this level the excess surfactant caused sedimentation, whilst below it 
there was not enough surfactant to prevent agglomeration and sedimentation occurred. 
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Figure 4.25: Agglomerate size and distribution o/zinc oxide suspensions made with PEI 
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Suspension DI0 / l1m SD D50 / I1m SD D90 i l1m SD 
ZnO I wt% with PEI40 mglg 0.5 0.01 0.8 0.00 5.7 0.27 
ZnO 5wt% with PEI 40 mglg 0.1 0.00 0.7 0.01 1.3 0.13 
ZnO 10wt% with PEI40 mglg 0.7 0.21 1.3 0.52 7.9 0.67 
ZnO 10wt% with PEI 50 mglg 0.1 0.01 0.5 0.02 1.0 0.02 
Table 4.14: Agglomerate size and distribution of zinc oxide suspensions made with PE] 
Figure 4.25 and table 4.14 showed the distributions for the agglomerates within the 
suspensions made with PEI as a dispersant. These suspensions had smaller agglomerates 
than the suspensions made with dispex . This was because the amount of PEI was 
adequate to prevent large agglomerates from forming. This amount of PEI was used for 
future experiments because it produced stable suspensions with the smallest agglomerate 
sizes. 
97 
4.2.2.2 Zeta potential 
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Figure 4.26: Zetapotential o/zinc oxide suspensions 
It can be seen from figure 4.26 that the suspension made with PEI had a higher zeta 
potential throughout the pH range. In the region of interest between 6 - 8 pH the 
suspension with PEI was up to 20 m V higher than the suspension with no dispersant, this 
meant that the suspension with the dispersant was stabilised better due to higher surface 
charges. 
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4.2.3 Mixtures 
4.2.3.1 Zeta potential 
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Figure 4.27: Zeta potential of 95% zinc oxide / 5% titania suspensions 
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Figure 4.28: Zeta potential of 80% zinc oxide / 20% titania suspensions 
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Figure 4.29: Zela potential of 70% zinc oxide 130% titania suspensions 
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Figure 4.30: Zela potential of 45% zinc oxide 155% li/ania suspensions 
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Figure 4.31: Zeta potential of 35% zinc oxide / 65% Mania suspensions 
The zeta potential for the mixture suspensions in figures 4.27-4.31 was around 35 mY 
(+/-) with dispersant in the pH 6 - 8 region, this was higher than the powder on its own 
which had a zeta potential of below 20 mY (+/-) in this region. This demonstrated that the 
dispersants used for the individual powders also stabilised the suspensions of the mixture 
powders. 
101 
4.3 Absorbency Measurements 
4.3.1 Effect of agglomerate size 
Suspensions of all the powders were made using the methods described in section 4.2 and 
modified through filtration and micronisation. These processes enabled different 
agglomerate sizes and distributions to be produced. The UV absorbency of these 
suspensions were measured and related to the agglomerate size and distribution. 
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Figure 4.32: Agglomerate size distributions of titania suspensions after filtration and 
micronised 
Suspension OJO / Ilm SO D50 / Jlm SO 090 / Jlm SO 
Filtered through I Ilm 0.1 0.00 0.1 0.00 0.2 0.00 
filter 
Micronised and 0.1 0.00 0.2 0.00 0.9 0.00 
filtered through 90 
Ilm filter 
Micronised 0.2 0.00 0.9 0.01 9.3 0.92 
As-received 0.4 0.00 3.6 0.03 10.4 0.18 
Table 4.15: Agglomerate sizes and standard deViatIOn of the lIIama suspensIOns 
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Figure 4.33: FEG-SEM images oftitania suspensions filtered through lllmfilter x lOOk 
(left) and micronised andfiltered through 90 IImfilter x 50k (right) 
Figure 4.34: FEG-SEM images of titania suspensions micronised x 50k (left) and as-
received x lOOk (right) 
The suspension of the as received powder is seen to consist of a himodal distribution, 
with a significant fraction of very large agglomerates with sizes of ~100 ~m. The latter 
are believed to be aggregates of the large agglomerates that can be seen in the FEG-SEM 
images, figure 4.1. The micronising breaks down the very large agglomerates producing a 
wider distribution of agglomerate sizes. The majority of the agglomerates are under 1 urn 
but still containing some larger agglomerates. The average size of the agglomerates has 
reduced to - 900 nm however at the larger end of the distribution the agglomerates are 
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still a similar size to the as received powder. The micronising releases more of the 
smaller nanomaterial from the agglomerates. The subsequent filtering through a 90 IJ.m 
filter has clearly completely removed the larger agglomerates of around ID IJ.m, the 
smaller I - 3 IJ.m agglomerates have remained. This produces a bimodal distribution, with 
a large peak at around 100 nm and another peak at around I 1J.ffi. The I IJ.ffi filter is used 
to remove this peak at I 1J.ffi, just leaving the peak at 100 nm. This second filtration step 
removed the larger agglomerates yielding more or less a single peak in the distribution 
curve centred on -110 run. 
< ::~-0 C-S Cl> 
-
'$. ~.Ol 
- Backwash 
- As-received 
Agglomerate Size Distribution 
0. 1 I 10 
Agglomerate Size / Ilm 
Micronised 
As-received filtered 
through 90 IJ.m filter 
-
lOO 1000 3000 
Micronised and fi ltered 
through 90 IJ.m fi lter 
Filtered through 
I IJ.m filter 
Figure 4.35: Agglomerote size distributions 0/ zinc oxide suspensions after the filtering 
and micronisation process 
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Suspension DIO / /lm SO 050 I /lm SO 090 I /lm SO 
Filtered through Illm 0.1 0.00 0.2 0.00 DJ 0.00 
filter 
Micron ised and fi ltered 0.2 0.00 0.4 0.00 1.3 0.00 
through 90 Ilm 
As-received filtered DJ 0.02 0.8 0.01 8.6 0.48 
through 90 Ilm filter 
Microrused DJ 0.00 1.0 0.01 28.4 0.36 
As-received 0.4 0.00 4.9 1.40 164.5 4.50 
Backwash 0.5 0.00 22.6 0.28 118.7 3.21 
Table 4. 16: Agglomerate Sizes and standard devlQtlOn 0/ the ZinC oXide suspensIOns 
Figure 4.36: FEG-SEM images o/zinc oxide suspensions backwash x lk (left) and as-
received x IOk (right) 
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Figure 4.37: FEG-SEM images of zinc oxide suspensions micronised x 50k (left) and 
filtered through 90 IJm filter x 50k (right) 
Figure 4.38: FEG-SEM images oftitania suspensions micronised andfiltered through 90 
IJmfilter x lOOk (left) andfiltered through llJmfilter x l50k (right) 
It can be seen that the backwash suspension contains the largest average agglomerate 
size. The largest agglomerates, however are actually present in the as received 
suspension, these agglomerates must be broken down through the processing and 
filtration. Indicating that they are weak agglomerates. The as received suspension may be 
seen to consist of a multi-modal distribution, with a fraction of very large agglomerates 
with sizes of ~I 00 ~. The latter are believed to have been aggregates of the 
agglomerates that can he seen in the FEG-SEM images, figure 4.3. The as received 
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suspenSIOn was filtered through a 90 flIIl filter and this removed some of the large 
agglomerates and also reduced the average size. The micronising breaks down these very 
large agglomerates producing a wide distribution of agglomerate sizes. The majority of 
the agglomerates are under I urn but still containing a number of larger agglomerates. 
The averages size of the agglomerates has reduced to 975 nm. The micronising releases 
more of the smaller nanomaterial. The subsequent filtering through a 90 Ilm filter has 
clearly completely removed the larger agglomerates of around 10 flIIl, the smaller I - 3 
flIIl agglomerates have remained. This produces a bimodal distribution, with a large peak 
at around 100 nm and another peak are just above 1 flIIl. The 1 J.!m filter is used to 
remove this peak at 1 flIIl, just leaving the peak at 100 nm. This second filtration step 
removed the larger agglomerates yielding more or less a single peak in the distribution 
curve centred on -190 nm. 
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Figure 4.39: Agglomerate size distributions 0/95% zinc oxide / 5% titania suspensions 
after the filtering and micronisation process 
The graph above shows that the as received powder contains some large agglomerates 
when made up into suspension. When this material is micronised these larger 
agglomerates break down and release some smaller material, the peak present in the as 
received material above 100 flIIl is removed and a peak forms just above 10 flIIl . When 
this suspension is filtered through the 90 flIIl filter the peak above 10 flIIl disappears and a 
bimodal distribution is formed. This suspension contains more material below I flIIl than 
107 
the previous suspensions. When the suspension is filtered through the I I1m filter the 
bimodal distribution is broken down into a unimodal distribution with a peak around 80 
nm. 
Suspension 010 I Jim SO 050 I Jim SO 090 I Jim SO 
Filtered through I flm 0.1 0.00 0.1 0.00 0.1 0.00 
filter 
Micronised and filtered 0.2 0.00 0.6 0.00 1.8 0.00 
through 90 flm 
Micronised 0.6 0.01 15.8 0.21 48.6 0.93 
As received 0.6 0.02 12I.7 18.82 370.2 22.89 
Table 4. J 7: Agglomerate Sizes and standard deViatIOn of the 95% ZinC oXide / 5% titania 
suspensions 
This table shows the 0 I 0, 050, 090 and span of the agglomerate sizes within the 
suspensions. It can be seen that the as received suspension has a large 050 and 090 but 
the 010 is a similar size to the micronised material. The micronised material has a 
smaller 050 and 090 as the larger agglomerates are broken down to produce smaller 
agglomerates. However the 0 I 0 increases slightly, this may be because the energy 
provided to break down the larger agglomerates cause the smaller ones to slightly 
reagglomerate or it may be due to the larger agglomerate breaking down and producing 
more agglomerates around 600 om. When this suspension is filtered through a 90 I1m 
filter the larger agglomerates above 2 I1ffi are filtered out leavi ng smaller agglomerates . 
Then any agglomerates over 124 nm are filtered out using the I flm filter leaving small 
agglomerates and a small span/distribution. 
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Figure 4.40: FEG-SEM images of 95% zinc oxide / 5% litania suspensions as-received x 
200 (left) and micronised x 1 k (right) 
Figure 4.41: FEG-SEM images of 95% zinc oxide / 5% titania suspensions micronised 
andjiltered through 90 Jlm x lOOk (left) andfiltered through 1 Jlmjilter x lOOk (right) 
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Figure 4.42: Agglomerate size distributions of 80"/0 zinc oxide / 20% titania suspensions 
after the filtering and micronisation process 
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It can be seen from the graph that the backwash material has the largest agglomerates. 
These are the agglomerates that have been filtered out using the 90 fll11 filters and made 
back up into suspension. The peak is unimodal at just above 100 flm, as the suspension 
contains no smaller agglomerates as they all passed through the filter. The as received 
suspension has a much wider distribution, with a wide peak around 1 fll11 then a wide tail 
that expands right up above 100 fll11. When the powder is micronised the wide tail 
disappears and the main peak is around I fll11. The larger agglomerates have been broken 
down into smaller agglomerates of around 1 flm. When the as received suspension was 
filtered through the 90 flm filter again the wide tail disappears as the larger agglomerates 
are filtered out. The peak for this suspension is a bimodal peak with a peak around I fll11 
and 500 om, the filtration process breaks down some of the I fll11 sized agglomerates 
down further into their primary particles. When this suspension is filtered through the I 
fll11 filter the peak around 1 fll11 disappears leaving a unimodal peak at about 200 om. 
Suspension 010 I f.lm SO 050 I f.lm SO 090 I flm SD 
Fi ltered through I flm 0.1 0.00 0.2 0.00 0.3 0.00 
filter 
As-received and filtered 0.2 0.00 0.9 0.02 1.9 0.03 
through 90 flm 
Micronised 0.4 0.00 1.0 0.00 3.0 0.06 
As-received 0.4 0.00 1.5 0.04 47.8 10.14 
Backwash 66.1 0.96 169.2 1.99 318.3 5.37 
Table 4.18: Agglomerate sizes and standard deviation of the 80% ZinC oxide / 20% 
titania suspensions 
This table shows the agglomerate sizes and distributions within the suspensions of 80 % 
zinc oxide I 20 % titania. It can be seen that the backwash suspension has the largest 
agglomerate sizes, with a DI 0 of 66 flm it has no smaller agglomerates in at all, all these 
smaller agglomerates passed through the filter. The as received material has some small 
material in the DIO and D50 but it has a large D50. This suspension has the largest 
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distribution as can be seen from the graph above. When the as received powder was 
micronised the larger material is broken down releasing some smaller agglomerates 
giving a D50 of almost I f.lIIl the peak in the graph is unimodal showing that the 
agglomerates were broken down into similar sized smaller agglomerates. When the as 
received powder was filtered through the 90 f.lIIl filter the larger agglomerates were 
filtered out. Leaving a bimodal distribution with the largest agglomerates at around 2 !lm, 
with a D90 of 1.9 !lm. This bimodal distribution is broken up when the suspension is 
filtered through the I f.lIIl filter leaving a narrow distribution with a D50 of 165 DID and a 
D90 of 264 DID. 
Figure 4.43: FEG-SEM images of 80% zinc oxide / 20% titania suspensions backwash x 
500 (left) and as received x 50k (right) 
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Figure 4.44: FEG-SEM images of 80% zinc oxide / 20% titania suspensions micronised 
x lOOk (left) and as received andfiltered through 90 pm filter x lOOk (right) 
Figure 4.45: FEG-SEM images of 80% zinc oxide / 20% titania suspensions filtered 
through 1 pm filter x lOOk 
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Figure 4.46: Agglomerate size distributions of 70% zinc oxide / 30% litania suspensions 
after the filtering and micronisation process 
Figure 4.46 above shows the agglomerate sizes and distributions of the suspensions. It 
can be seen that the as received material has a large peak at lllID then a long tail up to 
100 Ilm. When this material is filtered through the 90 IlID filter the tail reduces and the 
peak at I IlID increases in size, as the larger agglomerates are filtered out. When the as 
received powder is micronised and filtered through the 90 IlID filter the tail disappears all 
together leaving a single peak at just below I IlrD which is wide and spreads to below 100 
nm, as the larger agglomerates have been broken down and filtered out released the 
smaller agglomerates. When the material was filtered through the I Ilm filter, none of the 
powder made it through the filter, meaning that the powder was too strongly 
agglomerated to be broken down and pass through the filter. The backwash material can 
be seen to have a large wide peak stretching from around I IlrD to above 100 Ilffi. 
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Suspension 010 i llm SO 050 i llm SO 090 i llm SO 
Micronised and filtered 0.2 0.00 0.6 0.00 1.6 0.00 
through 90 /lm 
As-received and filtered 0.2 0.00 0.6 0.00 1.8 0.02 
through 90 /lm 
As-received 0.4 0.00 0.9 0.02 ILl 0.56 
Backwash 34.0 1.79 140.0 1.52 279.0 2.67 
Table 4.19: Agglomerate SIZes and standard devIGtlOn of the 70% zmc oXIde / 30% 
titania suspensions 
This tahle shows the agglomerate sizes and distributions of the suspensions. It can be 
seen that the backwash material has large D I 0, D50 and D90 values. This can be seen in 
the graph that the backwash material has the largest peak. This material doesn't seem to 
have smaller material as in the other suspensions, the other suspensions all have DIO and 
D50 values below I /lm, however the backwash material doesn't have any of this material 
as all of the smaller agglomerates are able to pass through the 90 /lm fi lter and so are 
filtered out. The as received material has smaller D I 0 and 050 values but the D90 is 1 I 
/lm which is giving rise to the longer tail that can be seen on the peak. This large 090 
value causes the suspension to have the largest span of all the suspensions. The as 
received and filtered through the 90 /!D1 filter shows a reduction in the 090 value. This is 
due to the larger agglomerates being filtered out. The micronised and filtered through the 
90 /lm filter shows slightly lower sizes for all the agglomerates. This is due to the 
agglomerates being broken down through the micronisation before the suspension has 
been filtered. 
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Figure 4.47: FEG-SEM images of 70% zinc oxide / 30% liIania suspensions backwash x 
50k (leji) and as-received x 50k (right) 
Figure 4.48: FEG-SEM images of 70% zinc oxide / 30% titania suspensions as-received 
andjiltered through 90 f.Jmjilter x 50k (leji) and micronised and filtered through 90f.Jm 
filter x J OOk (right) 
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Figure 4.49: Agglomerate size distributions of 45% zinc oxide / 55% titania suspensions 
after the filtering and micronisation process 
It can be seen from figure 4.49 tbat tbe as received material has a large peak around 10 
flm witb a small amount of material present down to about 200 nrn. When this powder 
was micronised tbese larger particles are broken down to produce smaller agglomerates 
around 10 flill and a larger peak at 1 flm. When this suspension is filtered tbe peak 
becomes bimodal witb two peaks of almost equal size at 1 flill and one at 10 flill, as tbe 
larger agglomerates are filtered out. 
Suspension 010 I /lm SD D50 I /lm SO 090 / /lm SO 
Micronised and fil tered 0.2 0.00 0.4 0.00 1.2 0.00 
through 90 flm 
Micronised 0.4 0.00 0.9 0.03 13.5 0.11 
As-received 0.4 0.00 2. 1 0.02 I l.l 0.56 
Table 4.20: Agglomerate sizes and standard deviatIOn of the 45% ZinC oXide / 55% 
titania suspensions 
The table 4.20 above shows the agglomerate sizes and distributions of the suspensions. 
The as received suspension has the largest D50 value and as it is micornised some of 
these agglomerates are broken down but the D90 for the as received material and the 
micronised material are similar which indicates that there are some larger agglomerates 
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which are not broken down by the micronisation. These larger agglomerates are only 
removed when the suspension is filtered. 
Figure 4.50: FEG-SEM images of 45% zinc oxide / 55% titania suspensions as-received 
x 20k (left) and micronised x 50k (right) 
Figure 4.51: FEG-SEM images of 45% zinc oxide / 55% lilania suspensions micronised 
and filtered through 90 flm filter x lOOk 
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Figure 4.52: Agglomerate size distributions of 35% zinc oxide / 65% titania suspensions 
after the filtering and micronisation process 
It can be seen from figure 4.52 that the as received material has a large peak around I f1Il1 
with a small amount of material present up to about 50 fim. When this powder was 
micronised these larger agglomerates are not broken down the resultant powder is larger 
with a wider distribution. The micronised powder has a wide peak from 1 J.I1TI to 100 f1Il1 
then a smaller peak at about 200 fim. The powder has increased in size because the 
energy put into the system to break down the agglomerates was too great and caused 
them to agglomerate more. When this suspension is filtered a unimodal peak is produced 
as all of the larger agglomerate are filtered out or broken down by the processing. The 
backwash suspension has a single peak at about 100 f1Il1 which represents all the filtered 
out agglomerates. 
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Suspension 010 I /lm SO 050 I /lm SO 090 I /lm SO 
Micronised and filtered 0.4 0.01 0.7 0.01 1.3 0.02 
through 90 /lm 
Micronised 0.9 0.04 8.3 0.75 49.7 11.94 
As-received 0.4 0.00 1.0 0.01 4.5 0.32 
Backwash 17.1 0.44 87.9 1.73 183.4 4.35 
Table 4.21: Agglomerate sizes and standard deviation of the 35% ZinC oxide / 65% 
titania suspensions 
The table 4.2 1 above shows the agglomerate sizes and distributions of the suspensions. 
The backwash suspension has the largest 050 value. The as received suspension has an 
average agglomerate size of 946 nm but when this is micronised the average agglomerate 
size increases. This is because the energy put into the system is used for reagglomeration. 
When this suspension is filtered the large agglomerates are filtered out leaving a 0 I 0 and 
050 similar to the as received powder but the 0 90 is smaller, showing that the larger 
agglomerates have been filtered out. 
Figure 4.53: FEG-SEM images of 35% zinc oxide / 65% titania suspensions backwash 
x 200 (left) and as-received x 50k (right) 
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Figure 4.54: FEG-SEM images of 35% zinc oxide / 65% titania suspensions micronised 
x 5 k (left) and micronised andjiltered through 90l'mjilter xlOOk (right) 
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Figure 4.55: Plot showing the absorbance coefficient oftitania suspensions prepared via 
different methods 
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Figure 4.57: Plot showing the absorbance coefficient of 95% zinc oxide / 5% titania 
suspensions prepared via different methods 
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Figure 4.59: Plot showing the absorbance coefficient of 70% zinc oxide / 30% titania 
sllspensions prepared via different methods 
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Figure 4.60: Plot showing the absorbance coefficient of 45% zinc oxide / 55% titania 
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The as-received suspensions all showed a similar pattern of absorbency (figures 4.55-
4.61) in the titania. zinc oxide. 95% zinc oxide 5% titania and 80% zinc oxide 20% 
titania suspensions. These suspensions had a similar absorbency in the UV region to all 
the other suspensions containing different sizes of agglomerates but had higher 
absorbency in the visible region. This was because more visible light is scattered by the 
larger agglomerates found in these suspensions. The agglomerates are larger than half the 
wavelength and therefore the scattering is governed by Mie scattering which states that 
the larger particle size the greater the scattering23 This resulted in a white appearance of 
the sunscreen as the suspensioQs scatter throughout the visible region. The absorbency 
was the same in the UV region because the absorption of UV raffiation is governed by the 
Beer-Lambert Law on which the agglomerate size has no impact. The suspensions with 
greater than 30% titania (figures 4.59-4.61) content had low absorbency throughout the 
visible and UV region for all the suspensions of different particle sizes. this was because 
the band gap of these powders has been changed by the incorporation of the titanium into 
the zinc oxide structure. as discussed in section 5.1. The agglomerate size has no impact 
on absorbency as the material is no longer absorbing. 
The suspensions of micronized powders and suspensions which were fLltered through 90 
!lm filters absorbed radiation similar in the UV region and the visible region; they all 
absorbed less in the visible region than the as-received suspensions as seen in figures 
4.55 to 4.61. This was because the agglomerates were larger than half the wavelength and 
the radiation was scattered via Mie scattering. however the size of these agglomerates 
were smaller that the as-received suspensions and ffid not scatter as much. The 95% zinc 
oxide 5% titania micronized suspension was more like the as-received material as seen in 
the FEG-SEM and graph in figures 4.39 and 4.40 as the agglomerate size distribution was 
larger than the other suspensions and so the absorbance is similar as shown in figure 4.57. 
The suspensions filtered through the I !lm filter absorbed above 0.8 in the UV region 
(except titania which absorbed around 0.5) and below 0.4 in the visible region. as seen in 
figures 4.55 to 4.58. These were ideal characteristics for sunscreen applications. The 
average agglomerate size in these suspensions was less than half the wavelength and 
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therefore the light was scattered via Rayleighs scattering which causes less interaction 
with the radiation than Mie scattering. 19,23 
The backwash suspensions all showed very large agglomerates with no smaller material 
as this had passed through the filters, as shown in figures 4.35, 4.36, 4.42, 4.43, 4.46, 
4.47, 4.53 and 4.53. The backwash suspensions showed very similar absorbency curves 
to the as-received suspensions due to the size of the agglomerates within the suspensions. 
4.3.2 Effect of concentration 
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Figure 4.62: Plot showing the absorbance of titania suspensions prepared with varying 
concentrations 
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Figure 4.63: Plot showing the absorbance of zinc oxide suspensions prepared with 
varying concentrations 
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Figure 4.64: Plot showing the absorbance of 95% zinc oxide / 5% titania suspensions 
prepared with varying concentrations 
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Figure 4.65: Plot showing the absorbance of 80% zinc oxide /20% titania suspensions 
prepared with varying concentrations 
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prepared with varying concentrations 
127 
It can be seen from figure 4.62 to 4.66 that I wt% suspensions of both powders and 3 
wt% for titania did not contain enough agglomerates to absorb the UV radiation, whilst 
all the suspensions from 3 or 5 to 10 wt% showed similar curves. This result can be 
explained by the Beer-Lambert law. The concentration affects the UV radiation absorbed 
and this was where the difference could be seen. The absorbance coefficients in the 
visible region all appeared very similar as it was agglomerate size, and not the 
concentration, that affected the scattering from the agglomerates, as shown in section 
5.3.1. This result together with the previous investigation into the effect of agglomerate 
size indicated that a suspension of above 3 wt% with a small (- lOO run) average 
agglomerate size yield an absorption curve that would be suitable for a sunscreen 
application. 
Figure 4.66 showed that the UV absorbency for the 70% zinc oxide 30% titania 
suspensions containing I wt% is very low; the curve was almost a straight line. In 
suspensions with greater than I wt% the absorbency in the UVB region was high, around 
5, and then dropped to around 2, on reaching the UV A region. This was due to the band 
gap of the material being reduced due to the incorporation of the titanium ions into the 
zinc oxide structure discussed in section 5.1. The profiles of these suspensions were not 
good for a sunscreen application. 
Since the powders with greater than 30% titania did not absorb UV radiation they were 
no longer investigated for use in sunscreen suspensions as they would not protect the skin 
from the sun's radiation. 
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4.3.3 The ideal agglomerate size and concentration 
The ideal agglomerate SIZe and concentration for the sunscreen suspensions was 
investigated using Minitab. Using the experimental data contour graphs were drawn 
showing where the absorbance was high at different wavelengths, agglomerate size and 
concentration. The graphs showed the absorbance at 300 run, 340 run and 360 run which 
is in the VVB, UV A 1 and UV A 2 regions respectively. The absorbance should be high 
in this region to protect the skin from the skin damaging radiation. For these suspensions 
to be potentially more beneficial than organic sunscreens already on the market the 
absorbance in the UV A 2 region needs to be higher in these suspensions and similar in 
the other regions. This is the region where zinc oxide can absorb but organic sun screens 
do not. The other graph shows the absorbance in the visible region at 600 run, the 
absorbance in this region needs to be low so that the sunscreen will appear clear on the 
skin not white. 
The contour graphs show areas with high absorbance in a dark green colour, this colour 
changes as the absorbance reduces to a blue colour where there is the lowest absorbance. 
The units of absorbance are arbitrary as explained earlier in section 2.1.4. The values of 
agglomerate size and concentration have been worked out based on the point in the 
contour graph that shows the best characteristics for a sunscreen formulation, i.e. high in 
the UVB, UV A 1 and UV A2 regions and low in the visible region. This ideal 
agglomerate size and concentration IS labelled on the following graphs. 
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Figure 4.67: COil/our graph showing the absorbency as a function of agglomerate size 
and concentration at 300 nm f or litania 
For suspensions that contained titania figure 4.67 showed that there was a large dark 
green area (>3.6 absorbance) in the centre of the plot this showed that the titania absorbed 
UVB radiation over a wide range of agglomerate sizes and concentration. The graph 
supported the data from the concentration studies earlier, in figure 4.62, that the 
suspensions must contain more that 5 wt% to absorb UVB at a high level. 
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Figure 4.68: Contollr graph showing the absorbency as a junction oj agglomerate size 
and concentration at 340 nm jar titania 
Figure 4.68 showed that the dark green areas (>3.5 absorbance) had reduced to small 
pockets; however the main area of absorbance was a green colour (3-3.5 absorbance) 
which was showing that the titania suspension still absorbed highly in this region. 
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Figure 4.69: Contour graph showing the absorbency as a junction oj agglomerate size 
and concentration at 400 nm jorli/ania 
Figure 4.69 showed a change in the pattern from the prevIous two graphs as the 
absorbance started to drop. The highest absorbance shown on this graph was > lA 
absorbance which was lower than in the previous two regions. The only region in which 
the suspension absorbed highly in the 2 previous regions and this one was around 6 wt% 
and 280 run. 
132 
< 0.2 
0.' 
0 .6 
0 .8 
1.0 
1.2 
1.. 
> 1. . 
6 
3.5 absorbance 
at 600 nm 
< 0.4 • .0 . 3.0 
e 
" 
2.5 
....
" .1:1 .. 2.0 
" 
.. 
.. 
~ 1.5 
.ll 
'" 
'" ..: 1.0 
0.5 
1 2 3 4 5 6 7 
Concentration I wt 0/0 
8 9 10 
0.280 
. 0.6 
. 0 .8 
• 1.0 
• 
Figure 4.70: Contour graph showing the absorbency as a jUnction of agglomerate size 
and concentration at 600 nm for titania 
Figure 4.70 sbowed that tbe absorbance was low ID tbe aforementioned regIOn; a 
suspension made with these characteristics would show the best properties for a 
sunscreen. 
Tbe reason that the absorbance in the UV A 2 region was lower than in the UVB and 
UV A 1 region was tbat the titania bas a band gap around 4.90 - 5.12 x 10-19 J (3-3.2 
eV). ll This meant that the titania absorbs from 290-340 mn, the absorbance tben falls at 
400 DID in the UV A 2 region, neither the concentration nor the agglomerate size can 
change this band gap30 
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Figure 4. 71.' Contour graph showing the absorbency as a function of agglomerate size 
and concentration at 300 nm for zinc oxide 
The suspensions containing zinc oxide were shown in figures 4.71 to 4.74. In figure 4.71, 
as with the titania suspensions, there was a larger dark green area in the centre of the plot, 
this time however the dark green colour represented >4.0 absorbance compared with >3.6 
absorbance for the titania (figure 4.67). As with the titania suspensions, this demonstrated 
that the zinc ox ide absorbed UVB over a wide range of agglomerate sizes and 
concentrations. 
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Figure 4.72: Contoul' graph showing the absorbency as a jill1ction of agglomerate size 
and concentration at 340 nm for zinc oxide 
Figure 4.72 showed a similar pattern to the aforementioned graph with the main area of 
dark green representing >3.6 absorbance. This demonstrated that the zinc oxide absorbed 
strongl y on the UV A I region. 
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Figure 4.73: Contour graph showing the absorbency as a function of agglomerate size 
and concentration at 400 nm for zinc oxide 
Figure 4.73 sbowed a cbange in the pattern of the plot. There was mucb less of tbe plot 
tbat was the dark green colour. Tbere was also a decrease in the absorbance (>2.5 
absorbance) as tbe band gap of zinc oxide is reached. Tbjs band gap is 5.39 x 10.19 J (3.37 
eV). Tbis means that it can absorb 290-380 nm, which is larger than titania, thus 
explaining wby the absorbance is higher in this UV A 2 region for zinc oxide than titania. 
Tbe region in which the zinc oxide suspensions absorbed highly in the first two graphs 
and this one is around 4.8 wt% and 440 nm. 
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Figure 4.74: Contour graph showing the absorbency as a function of agglomerate size 
and concentration at 600 nm for zinc oxide 
This can also be seen in figure 4.74 as an area of low absorbance «0.2 absorbance) 
which is much lower than the titania suspensions. The reason that the optimum 
agglomerate size for zinc oxide is 150 nm larger than titania is that the agglomerate size 
only effects the absorbance in the visible region as discussed in section 5.3.1 and since 
titania has a higher refractive index in visible light (2.6) to zinc oxide (1.9) then even the 
smaller agglomerates of titania will interact with the visible light and cause the 
suspension to appear white.2 
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Figure 4.75: Contour graph showing the absorbency as a Junction oJ agglomerate size 
and concentration at 300 nmJor 95% zinc oxide 15% titania 
Plots for the suspensions containing 95% zinc oxide 80% titania were shown in figures 
4.75 to 4.78.ln figure 4.75 it was seen that the dark green colour does not cover as much 
of the plot as with zinc oxide and titania suspensions, but the amount of absorbance is 
higher than for titania and similar to zinc oxide (>4 absorbance). 
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Figure 4.76: Contour graph showing Ihe absorbency as a jimclion oJ agglomerate size 
and concentration at 340 nnl Jor 95% zinc oxide / 5% titania 
Figure 4.76 showed a similar pattern of absorbance to figure 4.75 showing that this 
powder absorbs highly in the UV A I region. 
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Figure 4.77: Contour graph showing the absorbency as a function of agglomerate size 
and concentration at 400 nm f or 95% zinc oxide / 5% titania 
As with the previous suspensions the pattern changed as the wavelength moved into the 
UVA 2 region (figure 4.77). The amount of absorbance in this region is similar to zinc 
oxide. The area in these plots which were high in all the previous three graphs is around 8 
wt% and 260 nm. 
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Figure 4.78: Contour graph showing the absorbency as a function of agglomerate size 
and concentration at 600 nmfor 95% zinc oxide / 5% titania 
This area was also low in the visible region (figure 4.78). This agglomerate size was 
smaller than that suggested for zinc oxide which is because the mixture now contains 
titania which as previously mentioned has a higher refractive index and causes more 
visible light to be scattered, producing a suspension with a whiter appearance. 
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Figure 4.79: Contour graph showing the absorbency as a jUnction of agglomerate size 
and concentration at 300 nm for 80% zinc oxide / 20% titania 
The plots for the suspension containing 80% zinc oxide 20% titania are shown in figures 
4.79 to 4.82. Figure 4.79 showed that the dark green colour covered a larger are of the 
plot and this represents >4 absorbance showing that this powder absorbed bighly in the 
UVB region. 
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Figure 4.80: Contour graph showing the absorbency as a function of agglomerate size 
and concentration at 340 nm for 80% zinc oxide I 20% titania 
Figure 4.80 showed a similar pattern to the previous plot however the dark green colour 
now represented >3.5 absorbance which still indicated that the powder was absorbing 
radiation into the UV A I region. 
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Figure 4.81: Contour graph showing the absorbency as a functioll of agglomerate size 
and concentration at 400 nm for 80% zinc oxide / 20% titania 
Figure 4.81 showed that the amount of maximum absorbance had reduced greatly; this 
occurs as the band gap of the powder had been reached and the powder no longer 
absorbed radiation. The area which absorbs highly in the previous three graphs was 
around 5.1 wt% and 320 om which also showed a low interaction with visible light. The 
agglomerate size is similar to that of 95 % zinc oxide 5 % titania because of the presence 
of the titania and its higher refractive index. 
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Figure 4.82: Contour graph showing the absorbency as a function of agglomerate size 
and concentralion at 600 nm for 80% zinc oxide / 20% titania 
4.4 Long Term Stability 
4.4.1 Titania 
Agglomerate Size Distribution 
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Agglomerate Size I ~m 
Week 0 -Week I - Week 2 
Week 3 -Week 4 - WeekS 
Figure 4.83: Agglomerate size and distribution oftitania suspensions over 5 weeks 
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Suspension 1)10 II'm SI) I)SO I I'm SO 090 I I'm SO 
week 0 0.1 0.00 1.2 0.02 6.3 0.18 
week I 0.1 0.00 0.1 0.00 1.6 0.02 
week 2 0.1 0.00 0.1 0.00 1.4 0.03 
week 3 0.1 0.00 2.0 0.28 10.9 3.66 
week 4 0.3 0.01 3.8 0.13 12.1 0.75 
week 5 0.5 0.02 3.9 0.12 9.6 0.47 
Table 4.22: Agglomerate size and dlslrlbllllOn 0/llla111a suspensIOns over 5 weeks 
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Figllre 4.84: Absorbance coefficienl/or lilania suspensions over 5 weeks 
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4.4.2 Zinc Oxide 
Agglomerate Size Distribution 
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Figure 4.85: Agglomerate size and distribution o/zinc oxide suspensions over 5 weeks 
Suspension DlO / I1m SO 050 / l1m SO 090 / l1m SO 
week 0 0.3 0.04 0.6 0.04 3.2 3.14 
week 1 0.2 0.00 0.3 0.00 1.2 0.01 
week 2 0.2 0.01 0.5 0.03 1.3 0.03 
week 3 0.2 0.00 0.5 0.01 l.2 0.01 
week 4 0.3 0.03 0.7 0.01 1.3 0.06 
weekS 0.4 0.00 0.7 0.00 l.6 0.01 
Table 4.23: Agglomerate size and distributIOn O/ZII1C oXIde sllspenSlOns over 5 weeks 
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Figure 4.86: Absorbance coefficient/or zinc oxide suspensions over 5 weeks 
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4.4.3 Mixtures 
4.4.3.1 95% Zinc oxide 15% titania 
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Figure 4.87: Agglomerate size and distribution of 95% zinc oxide 1 5% titania 
suspensions over 5 weeks 
Suspension DlO I llm SD D50 / llm SD D90 / llm SD 
week 0 0.4 0.00 0.9 0.00 4.0 0.03 
week I 0.1 0.00 0.3 0.00 1.6 0.01 
week 2 0.1 0.00 0.3 0.00 1.8 0.01 
week 3 0.2 0.03 0.3 0.09 1.5 0.13 
week 4 0.2 0.00 0.4 0.00 1.9 0.02 
week 5 0.2 0.00 0.5 0.00 2.2 0.05 
Table 4.24: Agglomerate size and dlstrzbutlOn of95% zmc oXIde 15% tllama suspensions 
over 5 weeks 
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Figure 4.88: Absorbance coefficient for 95% zinc oxide 1 5% titania suspensions over 5 
weeks 
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4.4.3.2 80% Zinc oxide 120% titania 
~A10 ... me::: _ StribU !\-tion 
{si r¥~\ 
~ nL.~----~~~~--------~~"~~----~~------~ 
11.01 0.1 1 10 100 10003000 
Week 0 
Week 3 
Agglomerate Size 1 ~m 
- Week 1 
- Week4 
- Week 2 
-Week 5 
Figure 4.89: Agglomerate size and distribution of 80% zinc oxide / 20% titania 
suspensions over 5 weeks 
Suspension 0]0 1 "m SO 050 1 "m SO 090 1 "m SO 
week 0 0.6 0.01 2.3 0.19 81. 1 18. 13 
week 1 0.2 0.00 0.9 0.00 3.5 0.01 
week 2 0.2 0.00 0.7 0.00 3.0 0.01 
week 3 0.1 0.00 0.6 0.00 3.2 0.01 
week 4 0.3 0.04 1.0 0.02 4.1 0.03 
weekS 0.5 0.02 62.0 5.52 163.4 9.64 
Table 4.25: Agglomerate size and distribution of 80% zinc oxide / 20% titania 
suspensions over 5 weeks 
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Figure 4.90: Absorbance coefficient/or 80% zinc oxide 1 20% titania suspensions over 5 
weeks 
The graphs 4.83, 4.87, 4.89 showed that titania, 95% zinc oxide 5% titania and 80% zinc 
oxide 20% titania suspensions had a large and wide agglomerate size distribution in the 
first week After this week the suspension then stabilised to a smaller distribution with a 
smaller agglomerate size the following week. This shows that it takes up to a week for 
the dispersant to coat the agglomerates and stabilise the system. After this first week the 
titania and 80% zinc oxide 20% titania suspensions were stable with a similar distribution 
curve for 3 weeks, then the suspension started to and began to reagglomerate, this trend 
continued into the 51h week. The zinc oxide (figure 4.85) suspensions retained a stable 
agglomerate size distribution throughout the 6 weeks, as the dispersant had sufficient 
coverage in the particle's surface to prevent the particles from agglomerating. 
The absorbency curves in figure 4.84 showed that the titania suspension on the first week 
had a flat proflle with a high absorbency in the visible region. There were large 
agglomerates in the suspension at this time as the dispersant had not covered the surface 
of the titania particles sufficiently thus the charge on these particles attracted and 
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agglomerated. The larger agglomerates within the suspension are responsible for the 
high absorbency in the visible region, causing more scattering of visible light and a 
reduction in surface area to absorb the UV radiation. After this first week the UV 
absorbency increases and the visible absorbency decreases as the agglomerates stabilise 
within the suspension. The agglomerate size distribution and the average agglomerate 
size (figure 4.83 and table 4.21) had reduced indicating that the dispersant had time to 
coat the particles of titania and ensure that these particles were no longer attracting and 
agglomerating. This increased the amount of UV radiation absorbed as the surface area 
also increased. The agglomerates were smaller and thus no longer interacted with the 
visible light as much and so the visible radiation absorbed also dropped. This behaviour 
is repeated for the next 3 weeks and this is reflected in the agglomerate size and 
distribution as this remains stable over these three weeks. After week 3 the visible 
absorbency starts increase and the UV absorbency deceases as the suspension loses its 
stability. The reason for this increase in agglomerate size is that the chains of the 
polymers on the surface of the titania started to bridge causing flocculation82 
The zinc oxide and 95% zinc oxide 5% titania suspensions showed similar absorbency 
curves throughout the 6 weeks, as well as a steady agglomerate size and distribution. This 
means that the PEI sufficiently covered the surface of these powders and stabilised the 
surface charge preventing attraction between particles and preventing reagglomeration. 
Because the concentration is not altering throughout the study the absorbance within the 
UV region was not expected to change according to Beer-Lambert law. 
The 80% zinc oxide 20% titania suspensions showed a reduction in absorbance of UV 
radiation in week 4 and 5 because the main agglomerate peak has shifted away from the 
nano sized region, thus reducing the surface area available for the absorbance of the UV 
light. The absorbency in the visible region has increased to a similar level to the week 0 
suspension as the agglomerate size increases and the interaction with the visible light 
increases also. This demonstrates that the suspensions are only stable for 3 weeks. The 
reason that these suspensions were not as stable as the zinc oxide and the 95% zinc oxide 
5% titania may be due to the concentration of titania within the powder. When PEI is 
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used to stabilise titania, the surface becomes saturated at I wt%, in this study however the 
PEI was added at 2 wt%.90 This may have resulted in the powder becoming saturated 
with PEI at the titania sites and the excess may cause agglomeration through the 
interaction of adsorbed dispersant molecules. 
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5. Discussion 
5.1 Raw Powder 
The results of the characterisation of the raw powders showed that the mixture powders 
were a solid mixture of titania and zinc oxide with no reaction product until the 
concentration of titania reached 70 %. 
The XRD results in figure 4.16 showed that the titania powder was a mixture of the 
anatase and rutile phases. The mixtures with 95% and 80% zinc oxide showed only peaks 
for zinc oxide. The powders with 45% and 35% titania showed peaks for titania with very 
small zinc oxide peaks. The powder with 70% zinc oxide and 30% titania showed a 
mixture of peaks for zinc oxide and titania, but also a small peak at around 28° 29, which 
could be zinc titanate formed during the plasma processing reaction. There was also a 
peak at around 35° 29 in the 70%, 45% and 35% zinc oxide powders which related to 
neither zinc oxide, titania or zinc titanate. This area has been highlighted on figure 4.17 to 
allow further inspection. It can be seen in figure 4.17 that there was no peak at 35° 29 in 
the zinc oxide or titania powders. This peak was due to Ti ions becoming incorporated 
into the ZnO crysta1.91 The peak showed that the powders were polycrystalline with (0 0 
2) preferred orientation. Titanium ions can act as a dopants, as they become Ti4+ when 
substituted into a Zn2+ site in the ZnO crystal structure resulting in 2 more free electrons. 
The radius difference between Ti4+ and Zn2+ is approximately 30% and it is possible to 
form a limited solid solution. These powders could have applications in transparent 
conduction electrodes and insulating or ferromagnetic layers in optoelectronic devices.91 
High levels of energy are needed to incorporate the Ti into the ZnO crystals, which could 
be provided by the high temperature of the plasma within the production process. This 
doping can reduce the band gap of the zinc oxide and this reduces the absorbency within 
the UV region. The peak was smaller as the titania content increased because the powders 
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became amorphous, the excess titania is over the solubility limit which may cause a 
second phase oftitania clustering and leading to lattice defects 91 
A dopant such a Ti with more electrons than its host forms a narrow band that can supply 
electrons to the conduction band. The electrons it supplies are mobile and this forms an n-
type semiconductor. 
Donor 
Band 
Figure 5.1: Dopant (Ti) material donates weakly bound outer electrons to semiconductor 
atoms (ZnO/2 
This incorporation into the ZnO structure explains why the concentrations of titania in the 
powders is lower than the amount fed into the plasma processing rig. As the Ti content 
increased the oxygen vacancies became fewer and so the O/Zn atomic ratio increases. 
This idea is supported by the dot maps which show the zinc and titanium distributed 
evenly, suggesting some incorporation ofTi ions into the zinc oxide structure. 
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5.2 Suspension Stability 
For particles of nanometric size the surface energy yA (y = interfacial tension, A= the 
surface area of the particles in dispersion) is an important contribution to the free 
enthalpy of the dispersion. Even the most stable systems may become thermodynamically 
unstable in nano suspensions and spontaneously evolve in order to decrease the surface 
area and growth of particles occurs through agglomeration. The interfacial tension is the 
driving force to decrease the specific surface area and lower the free enthalpy of the 
system. This interfacial tension can be lowered using dispersants which adsorb onto the 
particles surface. This makes it possible to produce a system with a large surface area and 
lower interfacial tension in the form of a dispersed, stable nano suspension. This was the 
aim of the suspension stability studies, to fmd a dispersant which would lower the 
interfacial tension on the surface of the nano particles93 
Titania was found to be stabilised by PAA. This dispersant produced the smallest 
agglomerate size distribution (figure 4.21) with no settling over 24 hours (table 4.6). PAA 
stabilised the titania by the formation of a protective layer of adsorbed polymer. This 
adsorption takes place through hydrogen bonding and chemical interaction between the 
titania surface and the carboxyl group of the polymer82 This polymer has positive 
charges on its skeleton and positive NH2 + groups and this will shift the zeta potential to a 
higher figure (figure 4.22). These positive charges on the particles mean that they repel 
one another and don't agglomerate and sediment. This explains why this dispersant 
produces the smallest agglomerate size. 
The interaction with PAA at the solid-solution interface is shown in figure 5.2. The 
dissociation of the carboxyl sites increases as the proximity to the surface increases, in 
response to the local potential field that is generated by the charged surface sites. The 
ionisation of near-surface segments then partially screens the charge on the particles, 
decreasing the shear plane potential (zeta potential). The presence of polymer chains may 
disturb the hydrodynamic plane of shear, shifting it further out from the particle's surface 
and because potential decreases exponentially with distance, the modified shear 
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experience a lower potential. 94 This configuration aids the dispersion and stability of the 
titanialP AA suspensions. 
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Figure 5.2: Schematic illustration depicting PM interactions at the solid-solution 
interface, as a function of pH. Likely suiface conformations are shown, with associated 
potential-distance diagrams, indicating surface potential (CO) and shear-plane potential 
(CSr 
Zinc oxide was found to be stabilised by PEI. This dispersant produced the smallest 
agglomerate size distribution (figure 4.25) with no settling over 24 hours (table 4.13). PEI 
stabilised the zinc oxide in a similar way to P AA, by the formation of a protective layer 
of adsorbed polymer. This adsorption takes place through hydrogen bonding and 
chemical interaction between the zinc surface and the carboxyl group of the polymer. 82 
This polymer has positive charges on its skeleton and positive NH2 + groups and this will 
shift the zeta potential to a higher figure (figure 4.26). The positive charges are produced 
by adsorbing H+ ions in aqueous solutions and these can easily adsorb onto the surface of 
the negatively charged zinc oxide. The positive charges on the particles mean that they 
repel one another and don't agglomerate and sediment. This explains why this dispersant 
produces the smallest agglomerate size. 
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The figures showing the zeta potentials for the mixture powders (figures 4.27 to 4.31) 
showed that the dispersants that worked for the individual powder also worked for the 
mixtures. The results showed that all the stabilised suspensions had a higher surface 
charge which was produced by the adsorbed polymer and this prevented the particles 
from agglomerating, meaning that a stable suspension of fine particles was produced. 
The reason that some of these suspensions are stable and some are not can be explained 
using the DVLO theory. This theory assumes that there is a balance between the 
repulsive interaction between the charges of the electrical double layers on neighbouring 
particles and the attractive interactions arising from Van der Waals interactions between 
the molecules in the particles. If one looks at the potential energy of an interaction as a 
function of the separation of the centres of the two particles, figure 5.3, it can be seen that 
attraction dominates at small distances. 
Repulsion 
Primary maximum 
Primary minimum, 
coagulation 
Attraction 
econdary minimum, 
Distance between 
particles (H) 
Figure 5.3: The potential energy of interaction as a function of distance between 
particlesError! Bookmark not defined. 
At larger interparticle distances a secondary minimum anses because of the fall in 
repulsive energy with distance is more rapid than the attractive energy. At intermediated 
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distances the double layer repulsions dominate giving rise to a primary maximum. At this 
point the suspension should be stable. The height of this primary maximum is a barrier to 
agglomeration, the addition of a dispersant such as PEI or P AA can increase this barrier 
and stabilise a suspension. 95 
When two particles with adsorbed polymer layers approach one another, a steric 
interaction can occur in which the layers over lap and lead to repulsion. Normally 
particles don't approach each other closer than twice the thickness of the adsorbed layer 
and passage into the primary minimum is inhibited. This can be explained by the free 
energy changes that take place when two polymer covered particles interact. Free energy, 
enthalpy and entropy changes are related by Gibbs-Helholtz equation: 
L\G=L\H -T L\S 
The 2nd law of thermodynamics implies that a positive value of L\G is necessary for 
dispersion stability, a negative value indicates that the particles have agglomerated. In the 
zinc oxide and titania suspensions produced in these experiments with PEI and PAA 
respectively a positive L\G occured when both L\H and L\S were positive but L\H>TL\S. 
Here enthalpy aids stabilisation, entropy aids aggregation. This effect is termed enthalpic 
stabilisation and is common in aqueous suspensions. The polymer chains are hydrated in 
aqueous environments due to H+ bonding in water molecules and for example, the ether 
oxygen of the ethylene oxide group found in PEI. The water molecules thus become more 
structured and lose the degree of freedom. When the polymer chains overlap the 
interpenetration and compression of the ethylene oxide chain occurs causing an increase 
probability of contact between ethylene oxide groups resulting in some of the bound 
water molecules being released. Released water molecules have greater degrees of 
freedom than those bound. For this to occur must be supplier with some form of energy, 
such as heat or in the case of this experiment ultrasonic energy, so there is a positive 
enthalpy change. Although there is a decrease in entropy in the interaction zone as with 
entropic stabilisation this is over ridden by the increase in configurational entropy of the 
released water molecules, see figure 5.495 This results in the particles not approaching 
one another closer than twice the polymer thickness layer. 
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5.3 Absorbency measurements 
5.3.1 Agglomerate size 
The suspensions which followed Mie scattering are 95 % zinc oxide 5 % titania (figure 
4.57) and 80 % zinc oxide and 20 % titania (figure 4.58). These graph showed that the 
suspensions containing the largest particles (the as received) scattered the visible 
radiation the greatest, this could be predicted by Mie theory. As the agglomerate size 
decreases this scattering decreases until the agglomerate size is much less than Y2 the size 
of the wavelength and the scattering is at its minimum. 
The suspensions containing titania and zinc oxide (figure 4.55 and 4.56) showed a similar 
pattern where the very largest agglomerate size gives the highest absorbency in the 
visible region as expect according to the Mie scattering theory however after this there is 
no clear pattern. The suspensions containing other sizes of agglomerates did not seem to 
drop in absorbency as the size dropped as the Mie theory predicts. This could be due to 
the agglomerates within these suspensions not acting as a single, optically isotropic 
sphere. The particles may be close enough together for their radiation fields to interact. 25 
In a number of cases the scattering is not as high as would be expected, such as in the 
case of titania the micronised suspension contains agglomerates with an average size of 
800 run which shows a similar amount of scattering as the suspension containing 
agglomerates with 110 nm average size. In the zinc oxide suspensions all the visible 
scattering looked similar despite the agglomerate sizes ranging from 22 !lm to 189 nm 
average size. The reason for these deviations from the predicted behaviour could be that 
the orientations of the particles within the suspensions were interacting to reduce the 
scattering efficiency of the suspensions. It has been found previously with titania that 
backscattering can be reduced by up to 60 % with certain configurations of particles 
within a path of visible radiation. 25 This decrease is caused by the crowding effect in 
which 2 particles are significantly less effective in the limit of multiple scattering than an 
isolated particle. The effect of crowding is due to destructive interference between 
scattered light. Since it is very difficult to demonstrate this experimentally, computer 
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simulations have been developed. Thiele (1988) demonstrated that groups of smaller 
particles behaved approximately like larger particles with the change in scattering per 
volume.96 Since all of the suspensions in this experiment contained equal concentration 
of particles no difference in scattering is seen. 
It is possible to increase the size of the band gap of semiconductor materials such as 
titania and zinc oxide by reducing the particle to that of the Bohr radius (the first 
excitation state), this change has been shown to occur at around 12 nm20,21,22 The 
agglomerate sizes used in these experiments are not this small and are therefore not 
affected by this phenomena. The band gap remains the same for all the suspensions of 
powders. 
5.3.2 Concentration 
If we examine the results of the concentration study (figures 4.62 to 4.66) we see that the 
absorbance within the UV region increased as the concentration increased up to 3 or 5 
wt%. Up to 3 or 5 wt% the result follows Beer-lambert law which states that the amount 
of radiation absorbed is a function of the concentration of the suspension. However after 
this point Beer-lambert law is no longer obeyed. This may be due to the absorbance being 
above 1 and so the effect of concentration on absorbance may be underestimated due to 
the shadow effect. This means that as the concentration increases there are more particles 
in suspension and there are an increased number of particles that are lying along the same 
optical path and shadowing one another. This will reduce the amount of radiation 
absorbed and reduce the difference in absorbance between the suspensions of higher 
concentration. This explains why there is very little difference between the absorbance of 
the higher concentration suspensions. 
To ensure that the results follow the Beer-lambert law a dilution would need to take place 
but in this sort of experiment dilutions would not be possible. This experiment does tell 
us, however, that at 3 or 5 wt% there are enough particles within the suspension to see 
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that start of this shadowing effect and that no further increase III concentration will 
increase the absorbance in a realistic situation. 
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5.4 Contour Graphs 
The contour graphs were drawn using the data from all the previous experiments. The 
graphs showed areas of high absorbance and low absorbance as a function of agglomerate 
size and concentration. The dark green colour showed an area of high absorbance which 
gradually changed to a blue colour as the absorbance fell, with the dark blue colour 
representing the lowest absorbance. For each powder four graphs were drawn at different 
wavelengths representing UVB, UVA I, UVA 2 and visible regions. The optimum values 
for agglomerate size and concentration were worked out using the colours of the plot to 
find an area which showed the highest absorbance for UVB, UV A I and UV A 2 regions 
and the lowest absorbance for the visible region as this meant the suspension would 
protect the skin from the skin by absorbing the harmful radiation and allowing the visible 
light to penetrate and appear transparent. 
At the chosen agglomerate size and concentration for each suspension the contour graphs 
showed that the absorbance is high in the UV region and low in the visible region. Titania 
suspensions showed the lowest absorbency in the UV A 2 region as the band gap of titania 
was not as wide as zinc oxide and did not absorb as widely.30 The suspension containing 
95% zinc oxide / 5% titania absorbed highest throughout the UV region and lowest in the 
visible region indicating that it would have characteristics best suited to a sunscreen 
application. This may be due to the absorbance of zinc oxide and titania combining to 
give better absorbance in this region or the formation of this mixture may have caused the 
band gap to be altered slightly. 
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6. Conclusion 
The present research work investigated plasma processed nano ceramic powders and their 
UV absorbing properties for use within sunscreen products. The powders investigated 
were titania, zinc oxide and mixtures of these two compounds. 
The mixture powders were shown to have different concentrations in the product to those 
that which were fed into the plasma processing rig. When the amount of titania increased 
the product did not reflect this. The powders with 95% and 80% zinc oxide appeared to 
be solid mixture of the two compounds. The XRD in figure 4.17 of these powders 
showed that when the powders contained 30% or more titania, the Ti ions had become 
incorporated into the zinc oxide crystal structure. The reason that the titania content has 
reduced in these powders is that the Ti ions are no longer available to form titania. This 
causes the XPS results in figure 4.5 to show less titania in these powders as the Ti ions 
are now bound to zinc oxide rather than oxygen. The FTIR in figure 4.18, however, 
showed that the mixtures contain no zinc titanate produced from a reaction of zinc oxide 
and titania. 
The suspensions containing zinc oxide (figure 4.56), titania (figure 4.55), 95% zinc oxide 
5% titania (figure 4.57) and 80% zinc oxide 20% titania (figure 4.58) powders all showed 
a similar pattern of absorbency when the agglomerate size within the suspension was 
altered. The agglomerate size did not affect how much UVB and UV A 2 radiation was 
absorbed. This is because this radiation is absorbed according to the Beer-Lambert law in 
which agglomerate size is not a variable. The absorption is determined by concentration, 
the thickness of the sample and the wavelength not agglomerate size. The absorbance in 
all samples reduced as each powders reached the end of their band gap. This is the point 
where the powder stops absorbing the radiation and starts to scatter it. It is at this point 
where the agglomerate size affects the results. 
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The suspensions containing large agglomerates show high absorbance into the visible 
region, this is because the larger agglomerates will interact and scatter more visible light 
due to Mie scattering. This makes the suspension appear white. 
The suspensions containing the smallest agglomerate size showed the best profile for a 
sunscreen; high in the UVB and UV A region and low in the visible region. These results 
demonstrated that the agglomerate size determined how much light was scattered in the 
visible region and how white the sunscreen appeared. To produce a clear sunscreen 
suspension formulation a small agglomerate size, below 300 nm, was found to be the 
best. 
The suspensions made with 70% zinc oxide / 30% titania (figure 4.59), 45% zinc oxide / 
55% titania (figure 4.60) and 35% zinc oxide / 65% titania (figure 4.61) powders showed 
very little absorbance in the UV region. This was because the Ti ions had become 
incorporated in the zinc oxide structure acting as an electron donor and narrowed the 
band gap of zinc oxide, meaning that the powders didn't absorb UV radiation anymore. 
All the zinc oxide containing suspensions absorbed higher in the UV region than the 
titania suspension. This was because the band gap of zinc oxide was slightly larger than 
that of titania. Titania primarily absorbed in the UVB region and it can be seen from 
figure 4.55 that the absorbance dropped in the UV A 2 region when its band gap was 
reached. The suspensions containing zinc oxide above 80% have been shown to provide a 
perfect base for a sunscreen product. 
The investigation into the effect of concentration of the suspensions on the absorbency 
behaviour showed that as the concentration increased so did the absorbency in the UVB 
and UV A 2 regions, as stated in the Beer-Lambert law. The suspensions needed to have 3 
wt% or more solids content to absorb between 4 and 5 abs in the UV region which was 
required for a sunscreen product. 
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All the suspensions remained stable for at least 4 weeks during which their absorbency 
properties remained the same, it is crucial for sunscreen products to retain their UV 
absorbency so that the protection of the sunscreen doesn't drop over time. The 
suspensions containing zinc oxide and 95% zinc oxide / 5% titania, which had the highest 
UV absorbency, were stable for the whole 5 weeks with no signs of reagglomeration. 
These suspensions were stable because the dispersant used had adequately coated the 
particles and ensure that there was enough surface repulsion to prevent the particles 
approaching one another and reagglomerating. This means that any sunscreen made from 
these powders will not lose their UV protection for at least 5 weeks. 
All these experiments have demonstrated the potential to use nano titania, zinc oxide and 
their mixtures with in sunscreens. Zinc oxide and the two mixture powders containing 
predominantly zinc oxide showed the greatest potential as they had high absorbency in 
the UV region and low absorbency in the visible region. 
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7. Future Work 
The first piece of future work that should be carried out is to make up suspensions 
containing the ideal agglomerate size and concentrations mentioned in the disscusion. 
This should give suspensions that are ideally suited for sunscreen applications. These 
suspensions could then be made into lotions, using a water-in-oil or oil-in-water 
formulation with the powder dispersed in the aqueous phase. The use of a lotion on the 
skin would give better coverage than an aqueous suspension. There are certain guidelines 
for formulating this type of product: 
I. Avoid the inclusion of electrolytes and ethanol, 
2. Hydroclolloids (e.g., xanthan gum, carbomers) should be fully dispersed before 
the powders are added, if used, 
3. Use vigorous mixing when adding the powders, 
4. Ensure that polyols (e.g., glycerol) are well mixed with the water before the 
powder is added.30 
Once in a lotion form tests can be carried out to establish the SPF of the sunscreens. 
These aqueous suspensions could also be used in combination with organic ultra violet 
filters to investigate if this improved the SPF of the sunscreens. 
Once these suspensions have been made up into sunscreen formulations the free radical 
generation from the powders, when irradiated with UV radiation, needs to be 
investigated. The free radicals are formed when the absorbed energy is higher than the 
band gap of the material and an electron hole is formed. The electron hole may annihilate 
directly across the band gap releasing a photon or energy or the electron hole may 
annihilate via surface adsorbed species such as water, leading to the formation of 
hydroxyl free radicals and active oxygen species. 12 To measure the formation of these 
active species electron paramagnetic resonance (EPR) and plasmid nicking assays may be 
used. EPS is a spectroscopic tool that detects unpaired electrons, the free radicals. A spin 
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trap is used to increase the lifetime of the excited states that allow the rate of free radical 
generation under simulated sunlight to be measured. Typically, a steady rate of free 
radical generation is seen after 20 s exposure of the sample. This technique is a direct 
measure of free radical formation rates. Plasmid nicking assays are highly sensitive 
assays that detect minute quantities of reactive species. Plasmids are supercoiled, double 
stranded circles of DNA. A single free radical hit breaks one dioxyribose unit, this is 
sufficient to uncoil the DNA. Uncoiled or damaged DNA is separated from the 
undamaged material using an electric field. The measure of the ratio of damaged to 
undamaged DNA gives a measure of the free radical formation. 12 
The powders containing 70% zinc oxide or less need to be investigated more. The band 
gap of these materials could be measured and then potential applications for these 
powders can be investigated. These powders could have applications in transparent 
conduction electrodes and insulating or ferromagnetic layers in optoelectronic devices.91 
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8. Appendix 
8.1EDAX Results 
80% Zinc oxide / 20% titania 
n 
Zn 
n 
1.11 2.11 1.11 4.11 5.11 1.01 1.11 1.11 '-11 11 .01 
Figure 8.1: EDAX of 80% zinc oxide / 20% titania powder 
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Image Oxygen 
Titanium Zinc 
Figure 8.2: Dot maps of 80% zinc oxide 20% titania powder 
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70% Zinc oxide / 30% titania 
n 
Zn 
Zr 
UI 5.10 1.11 1.11 UD 
Figure 8.3: EDAX of the 70% zinc oxide / 30% titania powder 
Image Oxygen 
173 
Titanium Zinc 
Figure 8.4: Dot maps of95% zinc oxide 5% titania powder 
45% Zinc oxide / 55% titania 
TI 
1.41 2.11 2.18 1.58 HO HO 5.10 i.10 7.80 1.71 1.41 
Figure 8.5: EDAX of the 45% zinc oxide 155% titania powder 
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Titanium Zinc 
Figure 8.6: Dot maps of 45% zinc oxide5 5% titania powder 
175 
35% Zinc oxide / 65% titania 
11 
SI 
Zn 
Au 
1.~1 1. 11 1.1D 3.50 ~ .ll u. S.U 1.30 7.1' 7.7. 1.41 
Figure 8.7: EDAX of 35% zinc oxide / 65% titania 
Image Oxygen 
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Titanium Zinc 
Figure 8.8: Dot maps of 35% zinc oxide 65% titania powder 
8.2 Effect of concentration 
Agglomerate Size Distribution 
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Figure 8.9: Agglomerate size and distribution of the titania suspensions containing 
varying concentrations 
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Suspension 010 / flm SD D50 / flm SD D90 / flm SD Span / I'm 
I wt% 0.\31 0.00 0.819 0.02 13 .333 1.15 16.12 
3 wt% 0.115 0.03 0.904 0.13 14.563 0.75 15.98 
5 wt% 0.080 0.01 1.004 0.10 14.159 0.30 14.02 
8wt% 0.080 0.02 1.070 0.00 15.034 0.52 13.98 
10wt% 0.079 0.00 0.899 0.07 13.231 0.49 14.63 
.. Table 8.1: Agglomerate SIze and dlstnbutlOn of the lltama suspensIons contalnlllg 
varying concentrations 
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" 0: 
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Figure 8.10: Agglomerate size and distribution of the zinc oxide suspensions containing 
varying concentrations 
Suspension DIO / I'm SD D50 / I'm SD D90 / flm SD Span / Jlm 
1 wt% 0.156 0.00 0.369 0.02 1.570 0.28 3.82 
3 wt% 0.157 0.00 0.388 0.00 1.411 0.00 3.24 
5wt% 0.174 0.00 0.497 0.00 1.652 0.00 2.98 
8wt% 0.168 0.00 0.502 0.01 1.400 0.01 2.45 
10wt% 0.176 0.00 0.590 0.04 1.447 0.09 2.15 
.. Table 8.2: Agglomerate sIze and dlstnbulIon of the ZinC oXIde suspensIOns contalnlllg 
varying concentrations 
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Agglomerate Size Distribution 
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Figure 8.11: Agglomerate size and distribution o/the 95% zinc oxide / 5% litania 
suspensions containing varying concentrations 
Suspension DIO / flm SD D50 / flm SD D90 / /-1m SD Span / Ilm 
I wt% 0.13 0.00 0.30 0.00 1.23 0.03 3.62 
3wt% 0.16 0.00 0.49 0.00 1.38 0.00 2.S0 
S wt% O.IS 0.01 0.38 0.10 1.28 0.08 3.01 
8wt% 0.14 0.01 0.38 0.10 1.26 0.07 3.00 
ID wt% 0.13 0.00 0.31 0.00 1.22 0.00 3.60 
Table 8.3: Agglomerate size and distribution o/the 95% ZinC oxide / 5% titania 
suspensions containing varying concentrations 
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Figure 8.12: Agglomerate size and distribution of the 80% zinc oxide / 20% titania 
suspensions containing varying concentrations 
Suspension DI0 / l!m SO 050 I I! tu SO 090 I "tu SO Span I "tu 
I wt% 0. 15 1 0.0 1 0.595 0.06 2.420 0.29 3.83 
3 wt% 0. 173 0.01 0.647 0.03 2.933 0. 19 4.30 
5wt% 0.197 0.01 0.763 0.02 3.5 15 0.21 4.38 
8wt% 0.254 0.05 0.938 0.02 2.207 0.15 2.10 
10wt% 0.192 0.02 0.743 0.01 3.503 0.38 4.48 
Table 8.4: Agglomerate size and dlstnblltlOn af the 80% Z lI1C oXide / 20% /ttama 
suspensions containing varying concentrations 
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Agglomerate Size Distribution 
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Figure 8.12: Agglomerate size and distribution of the 70% zinc oxide / 30% titania 
suspensions containing varying concentrations 
Suspension 010 / "m SO 050 / "m SO 090 / "m SO Span / "m 
1 wt% 0.23 0.00 0.85 0.00 1.77 0.0] 1.82 
3wt% 0.29 0.00 0.92 0.00 2.08 0.0] 1.94 
5 wt% 0.23 0.00 0.87 om 1.80 0.01 1.81 
8 wt% 0.24 0.0 1 0.89 0.01 1.82 0.0] 1.78 
10wt% 0.27 0.00 0.9] 0.0] 1.99 0.01 1.90 
Table 8.5: Agglomerate sIze and d,strzbutlOn of the 70% ZIl1C oXIde / 30% tllama 
suspensions containing varying concentrations 
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